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ABSTRACT
Commercial and recreational environmental enterprises in the Indian River Lagoon (IRL), Florida
supply nearly 10,000 jobs and produce $1.6 billion dollars a year in revenue. These waters contain iconic
species of sportfish, including red drum, snook, and sea trout, as well as their lower trophic level prey
such as snapper and mullet. Striped mullet (Mugil cephalus) are both commercially valuable as well as
an indicator species for overall ecosystem health. From September to December, mullet in the IRL
undergo an annual migration from their inshore foraging habitats to oceanic spawning sites. However,
their actual migratory pathways remain unknown. To address this knowledge gap, I utilized passive
acoustic telemetry to assess the migration patterns of M. cephalus within the IRL complex, particularly
focusing on movement pathways from inshore aggregation sites to oceanic inlets to spawn. Coupling
environmental metrics with movement data, I evaluated catalysts for migration as well as travel routes
through the estuary. Network analyses identified potential conservation areas of interest and sites
needing management intervention. Impoundments around the Merritt Island National Wildlife Refuge
appear to serve as an important refuge area for striped mullet while the Banana and Indian Rivers act as
corridors during their inshore migratory movements. The environmental metrics of depth, temperature,
dissolved oxygen, pH, barometric pressure, and photoperiod were the best predictors for the number of
detections and residency time produced by two case studies of striped mullet activity. An emphasis on
spatial fisheries management along with vigilant environmental monitoring will ensure the status of this
species, to the benefit of both natural and human systems in the Indian River Lagoon. The knowledge
generated as a result of this project may also provide a framework for sustainably managing other
migratory baitfish.
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INTRODUCTION
Life history strategies incorporating mass movement can be found across many taxonomic
groups (Gross et al., 1988; Wilcove and Wikelski, 2008; Milner-Gulland et al., 2011). From the arctic
tern’s annual 71,000-kilometer journey to the iconic herds of wildebeest and zebra traveling across the
Serengeti, the phenomenon of migration is one of the most visually stunning displays of nature (Garrity,
2008; Wilcove and Wikelski, 2008; Inman, 2010). Unfortunately, due to various human influences, such
as climate change and habitat degradation, many of these migrations have been altered and/or are in
decline (Wilcove and Wikelski, 2008; Bowlin et al., 2010; Lohmann, 2018). Ecologically, this affects
keystone species, such as the Australian grey-headed flying-fox (Pteropus poliocephalus), which plays a
crucial role in the distribution of native plant species through seed dispersal and pollination (Jantos,
2014; Buechley et al., 2018). This also impacts economically important species, with the Chinook salmon
(Oncorhynchus tshawytscha) fishery in Oregon and California experiencing a devastating closure in 2008
after habitat loss, water diversions, and dam construction blocked access to a large extent of spawning
and rearing grounds (Tucker, 2008; Lindley et al., 2009; Willmes et al., 2018). The very mobility of these
species often makes them extremely difficult to study in their natural environment, but the advent of
new tracking technologies coupled with emerging methods to study social networks, has provided novel
approaches to circumvent these challenges, and more rigorously analyze movement data. This particular
study integrates passive acoustic telemetry and network analysis to evaluate the spatial and temporal
components of striped mullet (Mugil cephalus) migration within the Indian River Lagoon in addition to
assessing environmental variables that may be correlated with that mass movement. Focusing on the
migratory movements of such a widespread and ecologically valuable species will allow this project to
generate understanding that can inform the development of more effective management strategies for
other migratory forage fish, many of which are crucial to preserving and maintaining biodiversity and
ecosystem function in aquatic and marine environments.
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CHAPTER I: PASSIVE ACOUSTIC TELEMETRY DEMONSTRATES DIFFERENT MOVEMENT STRATEGIES
OF STRIPED MULLET (MUGIL CEPHALUS) WITHIN MERRITT ISLAND NATIONAL WILDLIFE REFUGE

Introduction
An estuary is defined as "a partially enclosed coastal body of water which is either permanently
or periodically open to the sea and within which there is a measurable variation of salinity due to the
mixture of seawater and freshwater derived from land drainage" (Day, 1980). Species of fish and
crustaceans found in high abundance in estuaries during some period of their life history are generally
classified as estuarine-dependent (Lenanton and Potter, 1987). Diadromous fish spend some portion of
their life cycles in both fresh and salt water. Included in this grouping are the subcategories of
anadromous and catadromous fish, which are born in fresh or saltwater, respectively (U.S. Fish and
Wildlife, 1997). These species then use estuaries as migratory routes to their antipodal spawning
grounds (Lenanton and Potter, 1987). Estuarine dependent organisms are vital for both the ecosystems
they inhabit as well as for human utilization, with an estimated 69% and 66% by weight of U.S. marine
commercial fish and recreational catch being estuarine or estuarine dependent (Cooper, 2009).
Unfortunately, these environments are facing degradation and destruction worldwide due to increasing
fishing pressure and coastal development (Whitfield, 1994; Halpern et al., 2008; Barbier et al., 2011).
Most coastal and estuarine fisheries are either entirely exploited or overexploited, leading to reduced
abundance, altered age structure, and changes in both size and species composition (Blaber et al., 2000;
Britten et al., 2016; FAO, 2018). In order to combat and eventually reverse these effects, there is the
urgent need to develop more effective management strategies, both single-species and ecosystembased, that conserve a sufficient amount of reproductive biomass to ensure long-term sustainability
(Goodyear, 1980; Sadovy de Mitcheson and Erisman, 2011; Taylor et al., 2012).
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The unpredictable presence or absence of animals at fishing grounds historically led to
colloquially ‘good’ and ‘bad’ recruitment years in various worldwide fisheries. In the early 20th century,
Johan Hjort originally hypothesized episodic dispersal from spawning grounds to nurseries could account
for these annual fluctuations in year-class success (Hjort, 1914). Building upon this concept, Heape
(1931) further defined spawning-related migration as the predictable movements between locations or
habitats in which migrants are obligated to return to their natal sites. This migratory behavior is clearly
distinct from both emigration and nomadism, defined as a unidirectional exodus with no return and
indiscriminate roaming, respectively (Heape, 1931). Four different categories of migration have since
been delineated; gametic, climatic, alimental, and osmoregulatory (Myers, 1949). Climatic, alimental,
and osmoregulatory movements are generally initiated for self-preservation or physiological purposes,
such as lack of resources or unsuitable habitat conditions (Heape, 1931). Gametic, or breeding
migrations, are habitual, seasonal movements to breeding grounds beyond the scope of the species’
normal non-reproductive range (Heape, 1931). Evolutionarily, each type of migration serves to maximize
fitness over an organism's life cycle by allowing them to reach more suitable environments, thereby
increasing their probability of survival or reproduction (Gross, 1987). In order for the behavior to be
adaptive, the survival, energetic, and reproductive advantages must outweigh the corresponding risks
and costs associated with the mass movement (Grubbs and Kraus, 2010).
While only approximately 2.5% of fish species migrate, those species (e.g. salmon, sturgeon,
herring) are highly valuable, both ecologically and economically (Hinch et al., 2006; Binder et al., 2011;
Cooke et al., 2011). As these fish travel, their routes and spawning sites are not always regulated,
leaving them subject to pollution, habitat fragmentation due to anthropogenic devices such as dams,
and fishing pressures. These corridors are vital to maintain the connectivity of habitat patches and to
ensure the continuation of their life history strategy (Simberloff and Cox, 1987; Rouget et al., 2006;
Gilbert-Norton et al., 2010). There are currently 888 spawning aggregations documented within the
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Science and Conservation of Fish Aggregations (SCRFA) database, 91 of which occur in the United States
(Russell et al., 2014). More than half of these aggregations are categorized as having an ‘unknown’
status (Russell et al., 2014). With this dearth of information, it is often difficult to determine what,
where, and how often management actions need to be implemented. While not directly focusing on the
management of aggregations, I hope to provide a foundation for this by examining the migration routes
that lead to this behavior. I aim to address this knowledge gap locally by examining the essential
migration routes of striped mullet (Mugil cephalus) within the Indian River Lagoon; a key mid-trophic
level species that has been largely overlooked and relatively understudied to date. Focusing on the
migratory movements of such a widespread and adaptable species will allow this project to generate
understanding that can inform the development of more effective management strategies for other
migratory forage fish.
Forage fish are vital species that serve as major conduits for energy transfer through the aquatic
food web by converting zooplankton production into available forms for higher order predators (Bakun
et al., 2010; Pikitch et al., 2014). Many higher trophic level species dependent on forage fish are listed as
‘Near Threatened’, are on the IUCN Red List, and/or are located in areas that are vulnerable to changes
in forage fish abundance (Pikitch et al., 2014). Forage fish species also compose 30% of landed capture
fisheries through human consumption, fishmeal, and fish oil (Alder and Pauly, 2006; Tacon and Metian,
2009). However, there is major evidence that these groups of fish are declining (Enticknap et al., 2011;
Hall et al., 2012; Matthiessen, 2016). In 2015, Essington et al. examined 55 major forage fish stocks
worldwide and concluded that 27 of those had experienced a collapse. Forage fish are often
aggregating, migratory species as well, adding an additional dimension in which they may be exploited
(Enticknap et al., 2011; The Pew Charitable Trusts, 2013; Bayard, 2015). By examining the movement of
a key forage fish species within the Indian River Lagoon, the striped mullet, that knowledge may be
extended to the management and fishing practices involving other such species in the future.
4

The striped mullet was selected as the model species for this study as it epitomizes the two
most important functions of a forage fish; it facilitates energy transfer through the food web as a
significant food source for many sportfish and other higher order predators and is targeted by both
recreational and commercial fishing industries (Leard et al., 1995; Bester, 2014; NCDEQ, 2018). When
they reach sexual maturity at around 3 years of age, these fish also conduct an annual migration from
inshore waters to oceanic spawning locations, but little data exists concerning their exact migratory
routes (Bacheler et al., 2005; Bester, 2014; Fowler et al., 2016). While striped mullet are relatively
abundant, the lack of information on their migratory pathways still raises the possibility of the need for
intervention or management (Bacheler et al., 2005; Fowler et al., 2016). This is common in many
migratory species, due to the difficulty of direct observation created by their mobility (Kaimuddin, 2016;
Crossin, 2017). This knowledge deficiency is also shared by other states, such as South Carolina, in which
a Comprehensive Wildlife Conservation Strategy (CWCS) was performed for the striped mullet
(McDonough, 2005). One of the resulting conservation recommendations of this report was to initiate a
tagging study to evaluate the species’ seasonal movement and distribution (McDonough, 2005). In the
state’s most recent State Wildlife Action Plan (the updated form of the CWCS), the striped mullet is still
listed as a species of moderate conservation priority (SCDNR, 2015). Therefore, not only will utilizing this
species contribute to the pool of knowledge regarding the populations of striped mullet within the
Indian River Lagoon, but also to other locations that prioritize its status.

Objective: Identify and evaluate the spatial and temporal dynamics of migratory routes along which
striped mullet disperse from known aggregation sites around Merritt Island National Wildlife Refuge to
offshore spawning locations.
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Question: Do striped mullet disperse from known staging sites around Merritt Island National Wildlife
Refuge to offshore spawning locations?

Hypotheses:
H0: Striped mullet remain at their staging sites within Merritt Island National Wildlife Refuge.
H1A: Striped mullet depart from their staging sites within Merritt Island National Wildlife Refuge and use
the shortest routes through the estuary to reach their oceanic spawning grounds.
H2A: Striped mullet depart from their staging sites within Merritt Island National Wildlife Refuge and use
longer routes through the estuary to reach their oceanic spawning grounds.

Methods
Study Site
This study was conducted in the Indian River Lagoon Complex and within Merritt Island National
Wildlife Refuge property. The Indian River Lagoon (IRL) Complex spans approximately 251 kilometers,
nearly one-third of Florida's east coast, and is comprised of the Mosquito Lagoon, the Indian River, and
the Banana River. Five primary inlets, Ponce de Leon, Sebastian, Ft. Pierce, St. Lucie, and Jupiter, connect
this water system to the ocean (Figure 1). This area also includes the Merritt Island National Wildlife
Refuge (MINWR), a 140,000-acre preserve on Kennedy Space Center property and one of the few
relatively undeveloped barrier islands on the east coast of Florida (Adrian et al., 2008). The IRL,
recognized as an "Estuary of National Significance," contains one of the highest levels of biological
diversity in the United States, with 397 different fish species inhabiting its waters at some point of their
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lifecycle (Gilmore, 1995). Commercial and recreational enterprises in the lagoon sustain nearly 10,000
jobs and directly generate over $1.6 billion dollars per year (East Central Florida Regional Planning
Council, 2016). The waters teem with economically important species, including the sport fish snook
(Centropomus undecimalis), red drum (Sciaenops ocellatus), and sea trout (Cynoscion nebulosus) as well
as key prey species such as pinfish (Lagodon rhomboides), Atlantic croaker (Micropogonias undulatus),
and mullet (Mugil spp.) (Myers, 2013).

Figure 1: The Indian River Lagoon Complex (circled) and Merritt Island National Wildlife Refuge (star) as situated in the state
of Florida (inset). Approximate boundaries of Merritt Island National Wildlife Refuge (red box).
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Model Species
Mugil cephalus, also known as striped or black mullet, are globally distributed throughout tropic
and temperate coastal waters, often moving into estuaries and other freshwater environs. In the
western Atlantic, the species ranges from Nova Scotia to Brazil (Bester, 2014). Striped mullet are
characterized by grey-olive or grey-brown color that fades to a silvery white towards the ventral side
(Figure 2). They can grow to over 45 centimeters in length, weigh over 7 kilograms, and live from 4 to 16
years of age, reaching sexual maturity between 20-30 centimeters at approximately 3 years
(McDonough, 2006; Bester, 2014). Migrating up to 50 miles offshore to spawn in large aggregations
during fall and winter months, individual females can produce up to two million eggs (GSMFC, 1995;
Bester, 2014). It is believed that decreasing water temperatures and barometric pressure may trigger
their aggregation and spawning behavior (Mahmoudi, 2000). The mullet run, as local fishermen refer to
their spawning migration, peaks during October and November in the Indian River Lagoon Complex.

Figure 2: A sexually mature striped mullet (VIMS, 2010).

Within Merritt Island National Wildlife Refuge and the IRL, mullet are often found in shallow
water, near red mangroves and seagrass beds, and around manmade objects (Killer, 2012). This
omnivorous species occupies a lower trophic level consuming zooplankton and detritus. As they are so
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numerically abundant, the majority of higher order predators consume this fish. Mugil cephalus have a
high individual productivity rate and are major contributors to secondary production; as such, M.
cephalus is a critical link in the highly productive and diverse food web of the IRL (Whitfield et al., 2012).
The striped mullet also serves as a proxy for overall ecosystem health, as they occupy a wide range of
habitats and can be used to detect environmental stressors within those systems (McDonough, 2006;
Whitfield et al., 2012).

Fisheries-Independent and Dependent Monitoring of M. Cephalus
Fisheries independent monitoring has been conducted in the Indian River Lagoon by the Florida
Fish and Wildlife Conservation Commission (FWC); the FWC has monitored the Northern IRL since 1990,
including waters of the Indian River Lagoon proper south to Vero Beach, and since 1997 they have
monitored the Southern IRL, which runs from Vero Beach south to Jupiter Inlet (FWC-FWRI, 2015). In
2015, sampling in both regions collected 431,455 individuals in seines and otter trawls using a monthly
stratified random sampling design. The vast majority of individuals (n=402,542) were collected from the
Northern IRL with M. cephalus being among the top 10 numerically dominant taxa (n=7,248; FWC-FWRI,
2015). This number translates to a conservative density estimate of approximately 13 animals per 100
square meters (FWC-FWRI, 2015). Using these data, the FWC developed relative indices of abundance
(IOAs) for young-of-the-year mullet (YOY; i.e. fish ≤ 35 mm standard length [SL]), to estimate the size of
each year class and to predict adult mullet abundances based on these recruitment estimates (FWCFWRI, 2015). The IOAs in the IRL vary temporally from 1996-2014, with relatively high numbers of
recruits in 2001, 2010, and 2015, and relatively low abundances in the remaining years (FWC-FWRI,
2015).
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Indian River Lagoon counties (i.e. Brevard, Indian River, Martin, St. Lucie, and Volusia)
contributed a combined 10 million pounds of commercial finfish in 2014, worth nearly $17 million
(ECFRC, 2016). The first documented commercial catch of mullet in Florida occurred in 1879, with 3.5
million pounds landed. This peaked at 50 million pounds during WWII before declining to roughly 30
million pounds for the next fifty years (Mahmoudi, 2014). Recreational estimates are less precise and
much smaller, cresting at 5.5 million pounds in 1985 and composing only 18% of statewide total catch
from 2004-2013 (Mahmoudi, 2014). In 2015, as one of Florida’s top 20 fish species, mullet demanded
$0.70 per pound, resulting in a dockside value of $6 million from the nearly 10 million pounds landed
(Sleep, 2017). Commercial and recreational fisheries catch is largely dictated by oscillations in market
demand, status of the environment, gear type, and instituted regulations (Mahmoudi, 2014).
Nearly 20 years ago, an entanglement net ban was instituted in Florida, including the Indian
River Lagoon Complex. Proponents of the ban argued that commercial fishermen were devastating fish
populations, including many species of mullet, an already restricted species (Mahmoudi, 2014). Since
the ban was instituted, mullet catch in Florida decreased by 65%; from an average of 27 million pounds
to 10 million pounds per year (Mahmoudi, 2014). Overall, fishing mortality rates have dramatically
declined, allowing both total population and spawning stock biomass to increase (FWC-FWRI, 2015). It is
now estimated that transitional spawning potential ratios have increased to 35%, suggesting the fishery
is robust and is not being overfished (Mahmoudi, 2014). This is especially important for striped mullet in
the IRL, as they are an integral species of the ecosystem and a vital baitfish utilized by sport fishermen.
The lagoon itself also contains essential migration routes for the fish, but these pathways have been
undocumented to date. This is of singular concern because it is believed that fishermen target gravid
females during their migration (Ditty and Shaw, 1996). Cured mullet roe, known as bottarga, generally
yields a higher profit than the fish itself, thereby increasing the demand for gravid females (Rutger,
2018). As this affects reproductive potential, this could also lead to negative impacts on the population
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over time (Ditty and Shaw, 1996). The proportion of roe-season catch, or the proportion of gravid
females, to total catch has increased since the net ban was instituted, with 76.8% of total landings
occurring during spawning season (September-December) (Mahmoudi, 2014). This has been
accompanied by an increase in the size of landed mullet in some regions. Considering the current status
of the fishery, this particular project seeks to explore the migration patterns of Mugil cephalus within
the Merritt Island National Wildlife Refuge and Indian River Lagoon Complex in order to provide
fundamental knowledge necessary to adequately evaluate and potentially update management
practices.

Acoustic Telemetry
Biotelemetry was developed over fifty years ago as a means to study organisms in their natural
environment without the restrictions and biases of conventional sampling techniques (Hockersmith and
Beeman, 2012; Kessel et al., 2014). Acoustic telemetry is unique in allowing for the continuous and
simultaneous observation of animals in both space and time by attaching or implanting electronic
devices that transmit a variety of data to programmed receivers (Cote et al., 1998; Heupel et al., 2006;
Donaldson et al., 2014). The ever-evolving field of acoustic telemetry now enables scientists to address
complex problems concerning behavioral, ecological, and physiological questions in the aquatic realm.
Increasingly, this tool is being employed to quantify the fine scale, long-term movement patterns of
marine animals in order to shed light on their life history, resource and habitat use, and ecological
niches (Espinoza et al., 2011; Krueger et al., 2018). Passive acoustic monitoring is particularly useful
when the goal is to determine the activity of an assemblage of individuals over large temporal and
spatial scales (Espinoza et al., 2011; Donaldson et al., 2014). Networks of passive acoustic receivers have
been deployed at strategic points in both inshore and offshore environments throughout the nation in
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order to capture information about various marine species. These networks are composed of
submerged, omnidirectional receivers strategically positioned to monitor the surroundings for unique
transmitter signals and record the time, date, and identity of tagged individuals that enter the unit’s
range (Lacroix and Voegeli, 2000; Heupel et al., 2006). The collaborative Florida Atlantic Coast Telemetry
(FACT) Network, Atlantic Cooperative Telemetry (ACT) Network, and Integrated Track of Aquatic Animals
in the Gulf of Mexico (iTAG) arrays cover most of Florida's inshore waters, comprise nearly 2,000
receivers along the east coast of the United States, and currently track approximately 85 different
species (FWCC, 2019).

Acoustic Telemetry of M. Cephalus
This study spanned two spawning seasons, from 2017-2018 and 2018-2019. From OctoberDecember in 2017 and 2018, 32 sexually mature (individuals may vary, but generally, individuals
measuring >30 cm SL are considered sexually mature; Greeley et al., 1987; McDonough, 2003; Bester,
2014) striped mullet were captured using a twelve-foot radius cast net and surgically implanted with a
V9-2L acoustic transmitter (following methods in Reyier et al., 2011). Tagging activities occurred at two
estuarine backwaters; the Banana River (comprised of the Upper Banana River and Integrate-TransferLaunch (ITL) Impoundments) and Banana Creek, with 16 fish tagged in each region (Figure 3). These sites
were selected due to the high density of acoustic receivers deployed in these areas (Figure 4), providing
for more fine scale movement data, and because the locations capture the longest potential migratory
routes striped mullet could take to reach their ocean spawning grounds. There is also a high abundance
of sexually mature mullet in these areas, ensuring relative ease of capture and adequate sample size for
statistical analyses (Reyier, Pers. Comm.).
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Banana Creek
Upper Banana
River

ITL
Impoundments

Figure 3: Pie charts represent the capture, tagging, and release locations of fish on Kennedy Space Center property, including
the distribution of fish caught at each site. Nearby acoustic receivers are also marked with black dots.

Figure 4: Acoustic receivers located on Kennedy Space Center property.
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Mortality Event
On August 19, 2018, a massive fish mortality event occurred in the ITL impoundments due to a
prolonged brown tide event, high temperatures, and resulting hypoxia. This event lasted approximately
two weeks and caused dissolved oxygen levels to plummet to less than ~ 1.0 mg/L (Baker, Pers. Comm.).
In order to prevent mortality-related tag loss, capture effort was concentrated outside of the ITL
impoundments, with all but one fish caught in the Banana River region captured, tagged, and released in
the Upper Banana River and adjacent locations.

Fish Measurement and Surgical Procedures
After each fish was captured, it was transferred to a 150-L tank and sedated using a 75 mg/L
tricaine methanesulfonate water bath (MS-222, Western Chemical, Inc.; per American Fisheries Society
[AFS] 2014. Once Stage IV anesthesia was reached (characterized by a total loss of equilibrium, slowed
respiration, and a lack of response to stimuli), individuals were transferred to a wooden surgery board
for acoustic tag implantation. Five to seven scales were removed and a 15-mm incision made parallel to
the ventral midline, two to three centimeters anterior to the anus. A V9-2L acoustic transmitter (2.9 g
weight in water, projected battery life of 685 days) was inserted into the peritoneal cavity and the
incision closed with two to three absorbable sutures and Vetbond cyanoacrylate tissue adhesive (3M
Corporation; VEMCO, 2019). The standard for internal tagging is for the device not to surpass 2% of the
body weight of the fish, which was followed in all circumstances. In order to permanently identify fish
and to potentially recover them if caught by fishermen, a dart tag was subcutaneously inserted near the
base of the dorsal fin. Following internal and external tagging, fish were transferred into a recovery tank
filled with fresh seawater to achieve equilibrium and normal swimming behavior (typically occurring in
10-15 minutes). Standardized biometric data, including fork length, standard length, total length, mass,
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and weather conditions were also recorded before each individual was released near the capture
location. Approximately 200 VEMCO VR-2W autonomous passive acoustic receivers, components of the
FACT Network, have been deployed at strategic chokepoints throughout the Indian River Lagoon and
nearshore waters (Figure 5). These receivers record the time and GPS coordinates of each fish as it
enters receiver range, enabling the recreation of migratory tracks from staging sites in the estuaries to
nearshore waters.

Figure 5: The KSC portion of the Florida Atlantic Coast Telemetry receiver array, with yellow dots signifying individual
receivers.
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Inherent Tagging Biases
Surgical procedures required for tag implantations can be stressful for any organism (Jepsen et
al., 2002; Lee et al., 2013). If the health of the animal is negatively impacted by the procedure, its
behavior may also be affected, leading to concerns regarding data veracity (Wagner and Cooke, 2005).
This is especially problematic as acoustic telemetry studies are often operating under the assumption
that the behavior of tagged individuals represent untagged members of the same species (Hondorp et
al., 2015). However, years of experimentation have contributed to a now streamlined procedure that
puts the least amount of stress possible on the tagging subject (Brown et al., 2011; Robillard et al.,
2015). In addition, several studies report that internal tagging produced little to no adverse physical or
behavioral responses in various species, for example, Chinook salmon (Oncorhynchus tshawytscha),
Atlantic cod (Gadus morhua), and lake sturgeon (Acipenser fulvescens) (Adams et al., 1998; Cote et al.,
1999; Hondorp et al., 2015). Nonetheless, in order to miminize any potential tagging effects on the
fish’s behavior, fish movement from release up to 48 hours after tagging were removed from all
analyses.
Another constraint of passive acoustic telemetry is the detection range of the underwater
receivers. The focus of this particular study is to evaluate migration patterns of a relatively small
estuarine dependent fish. Fortuitously, the FACT Network strategically placed receivers at bottlenecks
on Kennedy Space Center property and throughout the Indian River Lagoon. This approach, often
referred to as acoustic curtains or gates, is designed to detect the passage of tagged animals as they
enter or exit a moderately confined body of water, or as they progress in either direction along a
coastline (Heupel and Heuter, 2001; Pincock and Johnston, 2012; Steckenreuter et al., 2016; Kraus et al.,
2018). Based on the life history of the target species, individual mullet should pass through at least one
of these gates on their migratory journey. This will allow for the assessment of their migratory routes
(length, duration, etc.) from their staging sites, through the lagoon, and through inlets to the ocean to
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spawn. Range tests were conducted in order to gauge the detection efficiency of the receivers, which is
defined as, “the percentage of tagged fish that will be detected assuming a uniform distribution of
position and depth of passage and taking into account all anticipated noise and signal propagation
conditions” (Pincock and Johnston, 2012). In order to test this in a representive environment, six
VEMCO© V16-4H acoustic tags were placed in ascending 100 m intervals away from receivers in the ITL
impoundments. Receivers were able to detect the tags as far as 600 m. The tags used for this research
(VEMCO V9-2L) have a smaller power output than the V16 (146 dB vs. 152 dB), so the detection radius
will be respectively smaller, yielding a conservative detection range of approximately 200 m (Figure 6)
(VEMCO, 2019).
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Figure 6: Range test results for the (A) ITL North Impoundment and (B) South Impoundment showing the percentage of
detections registered at increasing 100-meter intervals.

Due to the arrangement of receivers within Kennedy Space Center, there were a number of
receivers that were in close proximity to where the fish were captured. As such, when the fish were
released after tagging, these receivers detected them almost immediately. This could lead to these
particular locations being miscontrued as more important to the fishes’ migratory movements than they
truly are. This was managed in two ways. First, removing the forty-eight hours of fish movement
immediately after capture from analyses, should eliminate any tagging effects that may cause the fish
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deviate from normal behavior (e.g. not travelling in a normal manner). Second, residency time was
evaluated at each receiver. It is important to distinguish this from overall detections because detections
can be garnered from fish passing back and forth between receivers as well as from remaining near a
single receiver for an extended period of time. This can be parsed using residency time, with longer
residency time indicating the animal was spending a majority of its time in a particular area rather than
just traveling through.
The fate of tagged fish is often one of the greatest uncertainties in acoustic telemetry studies
(Thorstad et al., 2013; Halfyard et al., 2017). After tagged animals are released, they are subject to
mortality by the surgical procedures necessary to implant the tag, predation due to tagging effects or
through natural interactions, and other confounding scenarios. If or once these events occur, it can be
difficult, at least for a time, to distinguish signals from live tagged fish as opposed to dead fish that are
drifting with water flow, settled on the bottom during decomposition, or tags that are still
communicating from inside a predator that consumed the original fish and its tag (Havn et al., 2017). In
order to differentiate these occurrences, one can look at the rate of movement of the organism housing
the tag. Striped mullet can travel anywhere from 0-9 km/day on average, with the rate varying
seasonally (Bacheler et al., 2005). The mean cruising speed of mullet during migration is approximately
seven body lengths per second (Peterson, 1976). Tags consistently detected (that is, detections
corresponding with the minimum lag time of the tag) on the same receiver for an extended amount of
time (>1 month) were considered to be a mortality event, whereas tags detected on multiple receivers
in a rapid fashion were categorized as a predation event. Therefore it would be possible to eliminate the
movement of these fish in each respective case, although none of the fish that exhibited movement
beyond the 48-hour tagging effects filter met these mortality event filter criteria.
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Movement Models and Simulations
Individual detections and path, detection events, and residency time were computed using the
glatos package (Holbrook et al., 2018) in R (version 3.4.4). Detection events were only based on location
changes, or when a fish move from one receiver to another, as this study is examining the possible
broad-scale migratory patterns of striped mullet rather than the species’ fine-scale habitat use.
Residency time was determined by combining the elapsed time in days (both individually and using the
entire data set), produced by the detection_events function, for each fish at each receiver (Holbrook et
al., 2018). These calculations were then input into the pacter and VTrack packages to visualize individual
movement trends (Cagua, 2015; Campbell et al., 2012). More precise movements of tagged fish were
calculated through the observation-weighted center of activity technique, which incorporates the mean
of receiver locations weighted by the number of detections (Simpfendorfer et al., 2002; Farmer et al.,
2013; Winton et al., 2018).
Location data were analyzed using the BBMM, adehabitatHR, and adehabitatLT packages in R to
ultimately quantify movement trends for the entire data set (Calenge, 2006; Nielson et al., 2013).
Random walk, Brownian bridge, and biased random bridge movement models were attempted for the
data set as a whole. Due to computing constraints, simulations (n = 10) of motion including random
walk, Brownian bridge, and biased random bridge were compared to three case studies of empirical
data to determine if the observed fish motion followed any of these patterns.

Random Walk Movement Model
The simplest random walk theory assumes the direction of movement is entirely independent of
the previous directions moved; it is only affected by the location occupied during the immediately
preceding interval (Codling, Plank, and Benhamou, 2008). This is most useful when there is little
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information regarding the species’ movement patterns (Horne et al., 2007). This model operates under
the expectation that constant and continuous monitoring of an animal’s path is not possible, but
discrete points exist along that path (Horne et al., 2007). The subject’s n discrete locations along its
trajectory are assumed to be known and are used to approximate the animal’s frequency of use of an
area (Horne et al., 2007).

Brownian Bridge Movement Model
Brownian motion is the continuous counterpart to random walk (Kac, 1947; Horne et al., 2007).
Contingent on the subject’s starting and ending locations, Brownian bridge movement models are the
stochastic process produced when Brownian motion is applied to a conditional random walk, allowing
for the prediction of the trajectory between each sequential pair of locations (Horne et al., 2007). The
Brownian bridge probability density associated with each pair of known consecutive coordinates along
the mobile object’s trajectory is an approximation of the time spent in an area during the time lag
between those locations (Horne et al., 2007; Nielson et al., 2013). This method has the advantage of
quantifying an animal’s frequency of use based on a full trajectory as opposed to discrete positions, but
still incorporates uniform movement (Kranstauber et al., 2012).

Biased Random Bridge Movement Model
Biased random bridge models combine the theoretical strength (constantly diffusive
movements) of Brownian bridges with home range and habitat preferences that may affect space use
patterns (Benhamou, 2011; Davis et al., 2017). Using pairs of consecutive locations along the animal’s
trajectory, the subject’s position is interpolated between them through random walks. The activity time
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between coordinates is then redistributed along the trajectory sections (Behamou and Riotte-Lambert,
2012; Vivancos and Closs, 2015). Due to the combination of its advective and diffusive properties, this
method is particularly useful in evaluating habitat use during migration events, as increased advection
produces more elongated, thinner bridges (Benhamou, 2011; Ferreira et al., 2019).

Kernel Density Estimation (KDEs)
Although normally used in the assessment of home range (Worton, 1989), kernel density
estimations (KDEs) were performed on the Banana Creek and ITL impoundments data, as there is some
evidence a number of fish remained near their capture site. Using the adehabitatHR package, the ad hoc
method was used to estimate the bandwidth parameter (h) to generate both 50% and 95% KDEs for
each region (specific h values are included in the results section). This method assumes a bivariate
normal kernel and is referred to as a data-driven selector, as different smoothing parameters are
produced based on the data input into the model (Calenge, 2006; Eidous et al., 2010). A 50% KDE
represents the animals’ core use area while a 95% KDE signifies overall home range (Kitts-Morgan et al.,
2015; Speigel and O’Farrell, 2019). The 95% KDEs were then compiled to construct maps overlaid with
networks developed from detection data (discussed in more detail below), highlighting migration routes
and conservation areas of interest, which can be employed in management strategies for this species
(Shimazaki et al., 2004; Evans et al., 2016). In order to examine other dimensions such as seasonal or
individual-based movements that may better inform management, the KDE method was visually
compared to network analyses that incorporated corresponding fish case studies.
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Network-Based Analyses
Due to the intricacy and broad area encompassed by these migratory routes, network-based
analyses were performed on the detection data to assess movement patterns and route-specific
connectivity elements. A subset of graph theory, network analysis works off the concept that intricate
systems can be decomposed into relatively simple topological systems comprised of nodes and edges;
represented by fixed, physical locations (i.e. nodes) and the frequency and directionality of connections
between them (i.e. directed edges; Salanick, 1995; Rayfield et al., 2011; Jacoby et al., 2012). Node-based
centrality metrics, ranging from relatively simple to complex, can be evaluated to determine the relative
importance of individual locations or patches to the entire network structure and are dependent on the
relative magnitude of interaction one node has with another (Lerman et al., 2010; Rayfield et al., 2011).
Node degree can be enumerated as the number of edges connecting nodes while the frequency of
individuals moving from one location to another produce weighted edges (Jacoby et al., 2012). This can
be further partitioned into indegree and outdegree to identify where fish are entering and exiting
specific sites as well as passages to/through areas of conservation interest. Eigenvector centrality
measures the influence and accessibility of a location by comparing the centrality of a specific node to
the centrality of its neighbors (Ghasemi et. al, 2014). Betweenness centrality focuses on the number of
routes that pass through a specific node via the shortest path length. High betweenness centrality may
suggest particular areas contain vital resources or refuge for migratory species, thereby encouraging
aggregation (Jacoby et al., 2012). Special consideration will be taken when evaluating betweenness for
receivers at chokepoint locations in order to prevent inflation of values. Not only is this method highly
efficient at describing connectivity across broad spatial scales, but it also allows for the integration of
species-specific biological characteristics, such as dispersal ability (Rayfield et al., 2011). The above
dimensions are vital to assess the impact the landscape has on animal movements and were evaluated
using the igraph, network, and sna packages in R (Csardi and Nepusz, 2006; Butts, 2015; Butts, 2016).
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Network topology was visualized using the Fruchterman-Reingold (FR) algorithm (Fruchterman
and Reingold, 1991). The FR algorithm used a force directed layout algorithm to generate a network,
whereby connections between nodes (i.e. fish movement between acoustic receivers) are treated as
springs, with the amount of tension on each spring related to the position of nodes (i.e. acoustic
receivers) within the network (Fruchterman and Reingold, 1991). Receiver nodes are colored to indicate
rough geographic region and the size of the nodes corresponds to the number of detections garnered at
that location. In this network, edges are defined as fish movement among the receivers. In order to
isolate specific paths, a simplified graph was produced; all edges with the same two endpoints are
summed and combined to create a single, weighted edge. The edges are also directed, signified by
arrows, showing the direction the fish is traveling. Additional FR networks were generated with the
same general characteristics, but with a node size representing the degree and betweenness and
eigenvector centrality of each node. Total degree (further partitioned into indegree and outdegree) as
well as betweenness and eigenvector centrality were parsed for each receiver. Movement networks for
fishes Delta, Kilo, and November, as each demonstrated a unique movement strategy, were then
overlaid onto a map to provide geographic context.

Results
Acoustic Telemetry of M. Cephalus
Between November 2017 – November 2018, 32 fish were tagged, 16 each at Banana Creek and
Banana River (Upper Banana River and ITL Impoundments) sites (Table 1). Downloads from 34 acoustic
receivers have since produced approximately 65,000 detections from eighteen fish (Table 2). The first
forty-eight hours of movement post-tagging was then removed, resulting in 58,643 detections. These
detects were filtered for false detections using a time threshold of 3600 seconds, as based on a
recommendation from the tag manufacturer (VEMCO), incorporating an average tag delay of 120
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seconds (Pincock, 2012). Of these 58,643 detections, 402 (0.69%) were indicated to be potentially false
and removed. This smaller subset (58,241) of detections was used for the entirety of data analysis. Total
detections were pared down to 8,454 detection events, which details the time at which a fish was first
and last detected at a particular receiver. The residency time, determined by combining detection event
duration, was also assessed for each fish at each receiver.

25

Table 1: Biometric data, including standard (SL), fork (FL), and total length (TL), collected from all tagged fish.

Fish ID
Alpha
Bravo
Charlie
Delta
Echo
Foxtrot
Golf
Hotel
India
Juliet
Kilo
Lima
Mike
November
Oscar
Papa
Quebec
Romeo
Sierra
Tango
Uniform
Victor
Whiskey
XRay
Yankee
Zulu
Bonnie
Doug
Eric
Geoff
Kate
Olivia
Mean±SD

SL (cm)
29
29.5
30
38.5
36
30.5
33
32
32
30
39
33
29.5
31
30.5
30
30
31.5
30
31
30
29
40
29
29
29.5
29
29.5
30.5
30
29.5
29
31.3±3.0

FL (cm)
33.5
34
34.5
42
39.5
35
37.5
36
38
33.5
43
37.5
32.5
35.5
36
34.5
33.5
36
34
35
32
31
43
32.5
32.5
32
32
33
33
33.5
34
31.5
35.0±3.2

TL (cm)
37
37.5
38.5
47
44
38
41.5
39
41.5
36
47.5
41
36
38.5
39
37.5
36.5
40
37.5
39
36
35
48
34
36
34
36.5
36.5
36
36
36.5
35.5
38.5±3.7
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Region
ITL Impoundments
ITL Impoundments
ITL Impoundments
ITL Impoundments
ITL Impoundments
Banana Creek
Banana Creek
Banana Creek
Banana Creek
Banana Creek
ITL Impoundments
Banana Creek
Banana River
Banana Creek
Banana Creek
Banana Creek
Banana Creek
Banana Creek
Banana Creek
Banana Creek
Banana Creek
Banana Creek
Banana Creek
Banana River
Banana River
Banana River
Banana River
Banana River
Banana River
Banana River
ITL Impoundments
Banana River

Capture Date
12/3/2017
12/3/2017
12/3/2017
12/3/2017
12/3/2017
11/17/2017
11/17/2017
11/17/2017
11/17/2017
11/17/2017
12/3/2017
12/3/2017
12/3/2017
12/3/2017
10/5/2018
10/5/2018
10/5/2018
10/5/2018
10/5/2018
10/12/2018
10/12/2018
10/12/2018
10/12/2018
10/12/2018
10/27/2018
10/27/2018
10/29/2018
10/29/2018
11/2/2018
11/2/2018
11/2/2018
11/9/2018

Table 2: The total number of fish detections, total residency time of all fish at each receiver, and total number of fish
detected per receiver.

Region

Banana River

Banana Creek

ITL
Impoundments

Indian River

Sebastian Inlet

Station

Total Number
of Detects

Residency
Time
(Days)

Number of
Unique
Fish
Detected

BR1
BR1B
BR2
BR4
BR5
BR6
BR7
BR8
BR12
Mean±S.D.
Total
BC1
BC1A
BC2
BC3
BC3A
BC4
Mean±S.D.
Total
ITL_N1
ITL_N2
ITL_N3
ITL_N4
ITL_N5
ITL_N6
ITL_S1
ITL_S2
ITL_BR1
ITL_BR2
Mean±S.D.
Total
IR4
IR6
IR9
IR10
IR13
IR14
Mean±S.D.
Total
SINJ
SISO
SIWP
Mean±S.D.
Total

16
17316
1
24
4
2
8
7
10
1932.0±5769.0
17388
649
1712
3041
146
296
166
1001.7±1159.0
6010
244
552
564
2368
1360
3627
17576
8260
4
37
3459.2±5565.6
34592
6
110
22
5
12
412
94.5±160.6
567
16
24
46
28.7±15.5
86

0.6
105.1
<0.1
0.2
<0.1
<0.1
0.2
<0.1
0.3
11.8±35.0
106.3
10.8
9.0
317.8
4.0
0.8
8.8
58.2±127.1
351.1
0.6
1.5
1.1
99.8
1.9
37.0
341.1
28.4
<0.1
<0.1
51.1±106.6
511.3
0.5
2.3
1.9
0.3
<0.1
21.5
4.4±8.4
26.4
<0.1
0.6
0.2
0.3±0.3
0.80

1
2
1
1
1
1
1
1
1
1.1±0.3
5
2
3
7
5
4
3
4.0±1.8
8
2
2
1
2
2
2
5
5
1
1
2.3±1.5
6
1
1
1
1
1
1
1
2
1
1
1
1
1
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Detections and Residency Time
For the duration of this study, of the 32 fish that were tagged, 18 fish were detected on the
acoustic array. Fish India and Lima were eliminated due to tagging effects (Figure 7). The mean (± s.d.)
time that fish were detected within the array was ~38 ± 90 days. Fish Kilo had the longest, most
consistent time at liberty within the system at 444 days (Figure 7).

Figure 7: Individual fish time at liberty. Blue dots represent individual detections while gaps in between dots indicate that
fish were not detected by a receiver during that period.

The number of detections and combined residency time of all fish per receiver are detailed in
Table 2 and Figures 8 and 9. The ITL impoundments encompass a small area with relatively restricted
entrance and egress points, within which is contained a fairly dense array of acoustic receivers; 10
receivers were placed at intervals of 183 m to support a concurrent red drum movement study. Due to
these circumstances, this area accumulated nearly half of all total detections (25,836/53,380). The
highest number of detections overall was seen at ITL_S1 with nearly 18,000 detections, also showing
one of the highest combined residency times at 341 days. In comparison, ITL_S2 also had a large
number of detections (8,260), but the combined residency time was only ~28 days. Both of these
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receivers detected 5 unique fish. Outside of the ITL impoundments, BC2 had one of the highest numbers
of detections at 3,000, with a combined residency time of 320 days. It also detected the highest number
of unique fish (7; Table 2).

Figure 8: Number of detections of individual fish on Kennedy Space Center property. Pie chart color represents each unique
fish ID and pie chart size is proportional to the overall number of detections at each receiver.

Figure 9: Residency time of individual fish on Kennedy Space Center property. Pie chart color represents each unique fish ID
and pie chart size is proportional to the overall number of detections at each receiver.
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Movement Trends
The paths of each individual fish were binned into thirty-minute intervals and linearly
interpolated between receivers located within Kennedy Space Center as well as throughout the IRL
(Figures 10 and 11). Three different categories of movement were exhibited by tagged fish, examples of
which are illustrated below. One fish (Delta) showed possible migratory movement, from its capture site
in the ITL impoundments to a location 80 kilometers south, exiting to the Atlantic Ocean through
Sebastian Inlet. A second fish (November) also demonstrated potential migratory movement by exiting
Banana Creek to the west and traveling south through the Indian River Lagoon. Finally, fish Kilo
remained within the ITL Impoundments throughout the study period.

Figure 10: Individual fish path between receivers located on Kennedy Space Center property. Path color represents unique
fish ID.

30

Figure 11: Individual fish path between receivers located on in the Indian River Lagoon. Path color represents unique fish ID.

Short term centers of activity were first evaluated for Kennedy Space Center and then scaled
down to the ITL impoundments and Banana Creek areas. As the observation-weighted method was
utilized, the centers of activity radiate outward from the receivers with the highest number of
detections; ITL_S1, ITL_S2, and BC2 (Figure 12). With the ITL impoundments garnering more than half of
the total detections, the centers of activity were then evaluated for each region separately to parse finer
scale trends. At a finer scale in the ITL impoundments, higher concentrations can be seen in the
southern impoundment (Figure 13). The centers of activity are more clearly defined in Banana Creek,
although BC2 still has the highest concentration (Figure 14).
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Figure 12: Estimated centers of fish activity within Kennedy Space Center property. The heat map indicates the estimated
amount of time a fish spends in a location once it enters the area.

Figure 13: Estimated centers of fish activity within the ITL Impoundments. The heat map indicates the estimated amount of
time a fish spends in a location once it enters the area.
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Figure 14: Estimated centers of fish activity within Banana Creek. The heat map indicates the estimated amount of time a
fish spends in a location once it enters the area.

Movement Models and Simulations
Random walk, Brownian bridge, and biased random bridge movement models were attempted
for the data set as a whole. When viewed across the entire study period, the probability of locating a
fish in the areas produced by these models was very low and not ecologically relevant; probabilities of
detection ranged from 10-8 to 10-6 (Table 3), therefore they are not graphically displayed here. The ad
hoc method for the 50% and 95% kernel density estimations produced smoothing parameters of 504.4
and 101.5 for Banana Creek and the ITL Impoundments, respectively (Table 4). When taking scale into
account, the KDE-predicted areas within the ITL impoundments were much larger than those in Banana
Creek, showing a much larger home range in the ITL (Table 4, Figures 15 and 16).
Table 3: The probability of locating a fish in the given area generated by each respective model.

Method
Random Walk
Brownian Bridge
Biased Random
Bridge
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Probability of
Detection
4.72e-8
6.34e-6
6.95e-6

Table 4: Smoothing parameters and total area for each region and corresponding %KDE.

Region
Banana Creek
ITL Impoundments

KDE

Smoothing
Parameter
504.4
504.4
101.5
101.5

50%
95%
50%
95%

Total Area
(hectares)
257.3
1670.6
18.9
109.38

0

Figure 15: 95% (black) and 50% (red) kernel density estimation within the ITL impoundments.
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Figure 16: 95% (black) and 50% (red) kernel density estimation within the ITL impoundments.

Network-Based Analyses
A graph with a Fruchterman-Reingold (FR) layout was generated from the acoustic detection
data, demonstrating that the ITL impoundments are connected to the Banana River and Indian River
while Banana Creek feeds directly into Indian River. This is most likely due to the morphology of the
lagoon, as fish are restricted to specific directions of movement. Paths were much more highly traveled
within the ITL impoundments and Banana Creek and were accompanied by more detections at those
nodes (Figures 17 and 18).
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Figure 17: Fruchterman-Reingold network graph of receivers (nodes) and fish movement (edges) within the Indian River
Lagoon. Node color indicates rough geographic region while node size represents the number of detections at each receiver.
Edges are weighted by the number of times each path was used.

Figure 18: Fruchterman-Reingold network graph of receivers (nodes) and fish movement (edges) within the ITL
Impoundments. Node size represents the number of detections at each receiver. Edges are weighted by the number of times
each path was used.
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Banana Creek
In Banana Creek, node degree ranged from 4-8. Receivers BC2 and BC3 had the highest total
degree for the region at 8, with a value of 4 each for both indegree and outdegree (Appendix A, Table 5).
Betweenness centrality ranged from 0.00-11.50, demonstrating a lack of connectedness to the other
parts of the network. Receiver BC4, at the opening of Banana Creek to the Indian River, had the highest
betweenness centrality for this area at 11.50 (Appendix A, Table 6). None of the receivers in Banana
Creek had high eigenvector centrality values (0.00-5.86e-17), with the largest being 5.86e-17 at BC2,
meaning that these locations are not influential within the network (Appendix A, Table 6).

Banana River
In Banana River, node degree ranged from 1-5.The highest total degree for the region was
produced at receiver BR5, with values of 3 and 2 for indegree and outdegree, respectively (Appendix A,
Table 5). Betweenness centrality ranged from 0.00 and 110.00. Receivers BR5 and BR7 are supported as
valuable connections, as they each produced the highest betweenness centrality for this area at 110.00
(Appendix A, Table 6). The eigenvector centrality values were relatively low for this region, ranging from
7.54e-17 to 1.78e-2, with the largest being 1.78e-2 at BR7, again highlighting the lack of influence of this
area (Appendix A, Table 6).

Indian River
In the Indian River, total degree ranged from 3-5. Both receivers IR13 and IR14 had the highest
total degree at 5, but with differing values for indegree and outdegree (Appendix A, Table 5).
Betweenness centrality ranged from 0.00-90.00 and eigenvector centrality ranged from 8.04e-17 to
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4.97e-6. Receiver IR9 had both the highest betweenness and eigenvector centralities at 90.00 and 4.97e6, respectively (Appendix A, Table 6). This shows that this particular receiver is influential in this region
and is part of the shortest route through this body of water.

ITL Impoundments
In the ITL Impoundments, total node degree ranged from 2-15. Receiver ITL_N6 had the highest
total degree for both the region and the network as a whole at 15, with values of 7 and 8 for indegree
and outdegree, respectively (Appendix A, Table 5). Receiver ITL_BR2 had the highest betweenness
centrality for both the area and the entire network at 116.00 while receiver ITL_N6 had the highest
eigenvector centrality for the region and network at 1.00 (Appendix A, Table 6). All of these metrics
illustrate that this is a highly trafficked area that plays an important role in striped mullet activity.

Sebastian Inlet
At Sebastian Inlet, total node degree ranged from 3-5. Receiver SIWP had the highest total
degree at 5, with values of 2 and 3 for indegree and outdegree, respectively (Appendix A, Table 5).
Betweenness centrality ranged from 0.00-38.00 and eigenvector centrality ranged from 3.51e-10 to
8.72e-9. Receiver SISO had both the highest betweenness centrality and eigenvector centrality for this
area, at 38.00 and 8.72e-9, respectively (Appendix A, Table 6). This receiver resides in the area that
provides the connection from the Indian River to the Atlantic Ocean.
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Table 5: Total degree, indegree and outdegree of accessed receivers. Receivers with the highest total degree within each
study sub-region are highlighted.

Region

Banana Creek

Banana River

Indian River

ITL Impoundments

Sebastian Inlet

Receiver
BC1
BC1A
BC2
BC3
BC3A
BC4
BR1
BR1B
BR2
BR4
BR5
BR6
BR7
BR8
BR12
IR4
IR6
IR9
IR10
IR13
IR14
ITL_BR1
ITL_BR2
ITL_N1
ITL_N2
ITL_N3
ITL_N4
ITL_N5
ITL_N6
ITL_S1
ITL_S2
SINJ
SIWP
SISO

Total Degree
4
7
8
8
7
7
2
2
1
3
5
3
4
4
4
4
3
4
4
5
5
2
6
11
12
12
12
13
15
5
9
3
5
4
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Indegree
2
3
4
4
4
3
1
1
0
2
3
1
2
2
2
2
2
2
2
3
2
1
3
6
6
6
6
6
7
3
4
2
2
2

Outdegree
2
4
4
4
3
4
1
1
1
1
2
2
2
2
2
2
1
2
2
2
3
1
3
5
6
6
6
7
8
2
5
1
3
2

Table 6: Betweenness and eigenvector centrality of accessed receivers. The highest betweenness and eigenvector centrality
values for each sub-region are highlighted.

Region

Banana Creek

Banana River

Indian River

ITL
Impoundments

Sebastian Inlet

Receiver

Betweenness
0.00
10.00
7.50
10.00
2.00
11.50
0.00
0.00
0.00
0.00
110.00
108.00
110.00
104.00
98.00
6.00
0.00
90.00
80.00
68.00
54.00
0.00
116.00
0.00
0.25
0.25
0.25
26.50
46.25
0.00
104.50
0.00
20.00
38.00

BC1
BC1A
BC2
BC3
BC3A
BC4
BR1
BR1B
BR2
BR4
BR5
BR6
BR7
BR8
BR12
IR4
IR6
IR9
IR10
IR13
IR14
ITL_BR1
ITL_BR2
ITL_N1
ITL_N2
ITL_N3
ITL_N4
ITL_N5
ITL_N6
ITL_S1
ITL_S2
SINJ
SIWP
SISO
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Eigenvector
4.57e-17
4.45e-17
5.86e-17
0.00
2.33e-17
0.00
7.91e-17
8.98e-17
1.32e-16
7.54e-17
3.69e-3
6.16e-4
1.78e-2
1.24e-4
2.48e-5
6.72e-17
8.04e-17
4.97e-6
9.97e-7
2.08e-7
4.18e-8
1.48e-2
8.87e-2
0.93
0.93
0.93
0.93
0.85
1.00
0.29
0.43
3.51e-10
1.75e-9
8.72e-9

The directed edges of the network for fish Delta demonstrate the fish entering and exiting each
receiver it encountered in multiple ways (Figure 19). Fish November’s network shows some
directionality in Banana Creek, while travel through Indian River was more straightforward (Figure 20).
The network for fish November reveals slightly more detections in the south and east, but many
connections between all of the receivers in that region (Figure 21).

Figure 19: Fish Delta network overlaid onto a map of the Indian River Lagoon. Node size indicates the number of detections.
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Figure 20: Fish November network overlaid onto a map of Banana Creek and Indian River. Node size indicates the number of
detections.

Figure 21: Fish Kilo network overlaid onto a map of the ITL impoundments. Node size indicates the number of detections.
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The 95% KDE for Banana Creek matches the network for fish November fairly well (Figure 22).
Through simple visual comparison, one can see the importance of the south impoundment emphasized
by the 95% KDE while the network produced by fish Kilo also covers most of the north impoundment
(Figure 23). The smoothing parameters for both regions are quite large (504.4 and 101.5 for Banana
Creek and ITL Impoundments, respectively), leading to some concerns with overestimation. They also
greatly differ, but this is most likely due to the marked difference in detections that took place within
each region. When directly examining the detection data, a majority of Kilo’s detections (3,006/3,841)
took place in the north impoundment, but the KDE attributed more weight the south impoundment due
to the large number of detections across all fish (primarily fishes Alpha and Delta) recorded there.

Figure 22: 95% KDE (blue line) for Banana Creek overlaid on the movement network of fish November. Within the network,
red dots designate nodes (receivers) and black lines denote edges (fish paths).
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Figure 23: 95% KDE (blue line) for the ITL impoundments overlaid on the movement network of Fish Kilo. Within the
network, red dots designate nodes (receivers) and black lines denote edges (fish paths).

Discussion
To date, this is the first study that has taken an in-depth view of the migration patterns of
striped mullet (Mugil cephalus) in the Indian River Lagoon. Using passive acoustic telemetry, the
detections and residency time data produced by these fish identified potential refuge areas and
movement corridors. This study also distinguished specific locations in each region that are crucial in the
daily activity of the animals. In addition, the data analysis parsed specific sites that may be in need of
management in intervention. Lastly, this research obtained some of the first possible evidence to
suggest that this population may undergo skipped spawning or partial migration. This new information
may be used to update management practices for the striped mullet and support the future
investigation of skipped spawning or partial migration in other migratory forage fish.
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Acoustic Telemetry of M. Cephalus
Detections and Residency Time
ITL Impoundments
Most of the detections garnered in this study were from the ITL impoundments, due to the
consistent activity from one fish (Kilo). However, parsing the data from each of the eight receivers in this
area produces interesting patterns. The number of detections and residency time in the ITL
impoundments show fish preference for the west half of the south impoundment and the southeast
corner of the north impoundment, possibly for feeding or predator avoidance purposes. It should be
noted that manatee exclusion bollards are located around four sets of drainage culverts, the only exit
points out of the north impoundment. The western culverts are often silted in by sediment, frequently
restricting fish movement to the eastern culverts within the north impoundment. This is where receivers
ITL_N4 and ITL_N6 were located, potentially leading to the increase in numbers of detections and
residency times, suggesting that this is a critical conduit linking the two waterbodies.

Banana River
Based on the relatively low number of detections and residency time in this area, Banana River
appears to serve as a corridor for striped mullet on their journey to feeding or spawning grounds. In a
similar case to the ITL impoundments, all detections and residency time at BR1B were generated solely
from the activity of one fish. The area where this particular receiver is located is set somewhat apart
from the main body of the Banana River and may also serve as a refuge area. Both of these waterways
are main components of the Indian River Lagoon, thus the striped mullet are exposed to a variety of
both aquatic and terrestrial predators as well as human activities (fishing, boating, etc.). Therefore, it
may be advantageous for the fish to traverse these waters in an expeditious manner. However, fish
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Delta spent an extended amount of time at IR14 (~21 days, Table 2), near Palm Bay, Florida, specifically
within the freshwater tributary of Turkey Creek. This may have been for the purpose of gathering
resources in a more sheltered area before traveling the remaining distance to the ocean to spawn. There
is also evidence that fish Delta loitered in the Sebastian Inlet area, with more repeated movements
between those receivers than those in the Banana or Indian Rivers.

Banana Creek
Banana Creek seems to contain refuge sites while also operating as a corridor for striped mullet,
as it detected the greatest number of unique fish. Five out of the six receivers detected combined
residency times of at least 4 days, with the exception of BC3A. Essentially, when combining the
residency time of all of the fish registered by receivers in this area over the course of this study, fish
were detected in this area for a time period amounting to four days. This is higher than all other study
sub-regions with the exception of the ITL Impoundments. BC2, a central location within Banana Creek
had the highest residency time, with detection events encompassing seven different fish. This
demonstrates that multiple fish frequented this site for extended periods of time. Most of these
receivers are also part of the security zone at Kennedy Space Center, allowing the fish to travel and
forage in that area without much human exposure.

Movement Trends
The majority of fish presumably moved outside of the array or were lost to predation,
preventing full analysis of their movement patterns. Striped mullet often move into peripheral habitats
and marshy environments that cannot be effectively monitored, serving as a cautionary tale for other
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acoustic telemetry studies involving forage fish species, as any type of movement study may
underestimate their true range and/or habitat use. The fish that did provide a consistent amount of
movement data exhibited two different movement trends. Two fish traveled southward from their
capture locations, using two different bodies of water to reach the Indian River Lagoon proper. Two fish
stayed in relatively close proximity to their capture locations and showed no signs of migratory
movement over the course of this study.
There is some evidence that this species exhibits seasonal movement patterns (Thomson, 1955;
McDonough, 2003; Fortunato et al., 2017). In North Carolina, Bachelor et al. (2005) found that the
largest proportion of striped mullet in the study traveled southward during summer and fall months
(August-October). This differs from the movement documented in this study, with the largest
movements occurring in November and December, but this may also be due to the two populations
differing in adaptations to their respective environments. The aforementioned study also demonstrated
a mean daily distance comparable to fish November in this research (~3 km/day). In the Gulf of Mexico,
when compared to white mullet (Mugil curema), the spawning migration of striped mullet occurred
during the winter months (Ibanez and Benitez, 2004), which is also similar to the movement trends
displayed by fishes November and Delta.
Fish Delta, caught in the ITL impoundments, moved south through the Banana River, crossed
into the Indian River proper near Indian Harbour Beach, and continued south before exiting through
Sebastian Inlet. This journey of approximately 80 km was made from mid-December to mid-February.
fish November, captured in Banana Creek, moved westward into the Indian River and traveled
southward for roughly 20 km. This movement occurred from December 4-8 of 2017, swimming 4 km
the first day, 1 km the second day, and the greatest distance (14 km) covered during the third day. Both
of these fishes’ movements occurred in December and February, later than the historic peak in striped

47

mullet migration, October and November. This may be connected to environmental metrics, which will
be discussed in more detail in the next chapter.
For both fish Delta and fish November, the nearest egresses to the ocean are Ponce de Leon
Inlet via Haulover Canal (northward) and Port Canaveral (southward). The current acoustic data
demonstrates that neither of these fish used these outlets to reach the Atlantic, mostly likely due to the
restrictive nature of the canals and locks employed along those paths. Fish Delta exited the Indian River
Lagoon through Sebastian Inlet, which is the next closest inlet to the south, lending credence to the
hypothesis that fish utilize the shortest routes through the estuary to reach their spawning grounds. As
more data are obtained, the exit strategy of fish November may bolster this finding.
Fish Kilo and fish Mike, caught in the ITL impoundments and Upper Banana River respectively,
remained in those locations for the duration of this project. This may be an indication of skipped
spawning, in which fish do not annually reproduce (Rideout and Tomkiewicz, 2011). Populations within
other species have been documented exhibiting skipped spawning, such as snook (Centropomus
undecimalis) and barramundi (Lates calcarifer) (Milton and Chenery, 2005; Trotter et al., 2012; Young et
al., 2014). This strategy may be used in the case of poor health or as a density-dependent response to
high population levels (Jorgensen et al., 2006; Rideout and Tomkiewicz, 2011; Skjæraasen et al, 2012).
Another future avenue to explore is partial migration, in which only a proportion of a population
migrates during a given season while others remain residents (Chapman et al., 2012; Shaw, 2016). This
has recently been documented in striped mullet off the coast of Australia (Fowler et al., 2016). There are
many different hypotheses as to what drives animals to conduct partial migration, from differences in
physiology to competition to density dependence (Chapman et al., 2011; Shaw, 2016). Fish Mike was
one of the smallest fish of the study and may have not yet reached true sexual maturity. However, fish
Kilo was one of the largest fish of the study at 47.5 cm TL, and there was no indication of poor health at
capture. The ITL impoundments are also unique in that they are located within the Kennedy Space
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Center security zone, creating a de facto marine reserve. Thus, these sites may serve as refuges for fish
that are experiencing skipped spawning or partial migration.
Based on their biometrics, all four of these fish were in the adult stage of their life cycle, so
some unknown factor is influencing the decision to spawn each year. Regardless the ultimate cause,
acoustic data suggest there are different patterns of spawning behavior in M. cephalus. Additional
research focusing on more distinct size classes and/or incorporating a higher number of acoustic tags
over a longer time periods would also aid in narrowing the scope of the above conclusions.

Movement Models and Simulations
Random walk, Brownian bridge, and biased random bridge movement models and simulations
all produced extremely low probabilities for fish locations due to the irregular distance between
relocations that was a consequence of working with such a large system and diffuse receiver array.
Therefore, only the kernel density estimations (KDEs) will be interpreted here. As the KDEs were
generated using the COAs which had in turn been created through the observation-weighted method,
the home range estimation is related to the number of detections in each respective area. While this
measure does have some value and provides baseline knowledge, it only represents activity in the form
of detections, following the theory that the most detections will be recorded where the fish spends the
most time (i.e. its home range). In addition, due to the linear arrangement of receivers within the FACT
Network, movement on the North-South axis is recognized using the COA technique, but East-West
movement is often overlooked. This method appears to generate appropriate results for Banana Creek
and other areas where detections were evenly distributed, but seems to be skewed in the ITL
impoundments. Fish could potentially favor that area due to plentiful resources or shelter from
predators, as evidenced by the lopsided number of detections in the south impoundment. Kilo, being a
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larger fish and possibly not undergoing spawning each year or at all, may mainly use the north
impoundment for refuge purposes. This underscores the need to utilize multiple techniques to inform
management strategies, as this area may not have been recognized without the combination of the KDE
and network analysis.

Network-Based Analyses
Even being one of the simplest measures in network analysis, node degree is a useful metric as it
can demonstrate fish dispersion across a region. For example, seven fish were caught and released in
the ITL impoundments. The number of connections within the north impoundment are much higher
than those in the south and decrease even further out into the Banana River, demonstrating the fish
preference for the north impoundment. With Banana Creek, Banana River, and Indian River regions, it
appears that fish dispersed somewhat evenly and had relatively equal preference for individual sites
within each respective region, as the number of connections are fairly consistent across each receiver
region. When node degree was parsed into indegree and outdegree centrality to better evaluate the
frequency at which fish are moving in or out of a specific area, BC2 and most of the receivers in the
north impoundment showed high indegree, demonstrating fish are remaining in that area, possibly due
to increased resource availability, accessibility to shelter from predators, or generally favorable
environmental conditions. ITL_N6 and BR6, with high outdegree, represent areas that fish are simply
passing through, due to the location being a chokepoint, a lack of food, and/or increased predator
presence. Locations with nodes of relatively high degrees are valuable to the fish in a myriad of ways
and should be conserved for management purposes.
Most receivers in the Banana and Indian Rivers showed high betweenness centrality values (98110 and 54-80, respectively), emphasizing their adjacent waters as corridors in this system. From the ITL
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impoundments and Banana Creek to southern spawning grounds, these are some of the only routes
available to these fish. The areas containing IR9-IR14 are especially crucial migratory corridors and
should be priorities for conservation as fish have to migrate through this region to reach the ocean
further south. In contrast, the betweenness centrality values associated with receivers in the ITL
impoundments were on the lower end of the spectrum, ranging from 0-47, as once the fish is in that
region, all of the adjacent habitat is easily accessible. The highest betweenness centrality value was
produced at ITL_N6, suggesting this is one of the only pathways for fish to exit the north impoundment.
In a similar vein, Banana Creek also showed low betweenness centrality, with the highest value located
at the access point to the Indian River.
Eigenvector centrality, quantifying node influence, is one of the more abstract network analysis
metrics as it’s ecological interpretation can be incredibly diverse depending on the study system. In this
study, receivers with the highest eigenvector value (~1 on a scale of 0-1) are connected by edges (i.e.
moving fish) that in turn are connected to important receivers. The receivers in the ITL impoundments
have the highest eigenvector centrality, as each of those nodes have high numbers and frequency of
connections. Once again, this stresses the importance of this area, although it should also be considered
in the context of the entire network. Receivers BR5-BR7 also had detectible eigenvector centrality, most
likely due to their position between the ITL impoundments, which were very active, and the Banana
River, which was exploited as a corridor to the south.

Management Recommendations
This study suggests that some sites that are crucial to mullet movement are currently in need of
management intervention. First, the ITL impoundments have shown to be a vital refuge area for this
species. However, of the four sets of culverts that connect the north and south impoundments, at least
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two are often obstructed by sediment, confining fish passage through the eastern two culverts. This has
already proved to be an issue, with a massive fish kill in the area linked to low levels of dissolved oxygen.
Due to the restricted egress points, fish may have been unable to escape the area when dissolved
oxygen reached critical levels. Therefore, it is recommended that a maintenance schedule be
implemented for the removal of sedimentation. Second, more generally, the management plans for the
main portions of the IRL (i.e. Banana River and Indian River) should be reviewed and incorporate actions
based on the connectivity that it provides to the striped mullet. Not only will this benefit this particular
species, but also produce a ripple effect through the food web that will positively impact the multitude
of natural and human elements within the Indian River Lagoon that rely on this species for survival,
recreation, and industry.

Conclusions
With notable exceptions (e.g. salmonids), the direct management of spawning-related
migrations is rare in species that form relatively dense spawning aggregations (e.g. snapper and grouper
spp.), despite the widespread decline of these spawning species (Sadovy de Mitcheson and Erisman,
2011). Only approximately 35% of aggregations are currently managed worldwide, through either
marine protected areas (MPAs) or seasonal fishing closures. This management is riddled with
inadequate spatial scaling, often not incorporating vital migratory routes (Russell et al., 2014; Sadovy de
Mitcheson, 2016). Not surprisingly, if known migratory pathways and these large spawning aggregations
are targeted by fishing efforts over a few spawning seasons, the corresponding reproductive stocks can
plummet with both biological and economic consequences (Sadovy de Mitcheson and Erisman, 2011).
Therefore, two main questions need to be addressed regarding the management of species with defined
migratory pathways and spawning aggregations. First, do spawning aggregations and pathways need to
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be expressly managed rather than relying on quotas or bans on certain gear types? Second, can
threatened aggregating species recover once management has been implemented, and, if so, what is
the timeline for their recovery? (Sadovy de Mitcheson and Erisman, 2011). The only way these
uncertainties can be resolved is by exploring the migratory patterns of spawning fish, determining the
impacts of fishing on those migrations, and using this understanding to inform the development of
management strategies that optimize recreational and commercial fisheries. To build a foundation for
answering the first question, here I have performed the first assessment and quantification of the
migratory patterns of striped mullet in Merritt Island National Wildlife Refuge and adjacent waters of
the Indian River Lagoon. While not currently at-risk, utilizing such a widespread and relatively common
species will ultimately deepen our understanding of migration-related movement patterns that can be
used to develop best available management practices for other migratory species.
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CHAPTER II: ENVIRONMENTAL METRICS ASSOCIATED WITH STRIPED MULLET (MUGIL CEPHALUS)
ACTIVITY AND MOVEMENT

Introduction
Migration is a vital process within the life history of many organisms, allowing them to reach
more favorable conditions for breeding, feeding, and survival. Numerous cues, such as Earth’s magnetic
field, an innate, inherited sense, or changes in prey activity or abundance, can guide animals at all life
stages to appropriate locations (nearby or at some distance) and times (daily, seasonally, or other) to
engage in various behaviors (Sutherland, 1998; Newton, 2008; Milner-Gulland et al., 2011). Migratory
movement may be triggered by an amalgamation of factors, including ontogenetic transitions,
unpredictable environmental changes, and/or seasonal cues. Within vertebrates, migrations that occur
due to ontogenetic or developmental triggers are generally distinct from adult migrations as they only
occur once, while adult migrations take place multiple times over the subject’s lifetime, often at some
yearly interval (Ramenofsky and Wingfield, 2007). This is clearly demonstrated in diadromous fish such
as salmonids which hatch and develop into parr in freshwater, metamorphize into smolt, and then
migrate to saltwater where they sexually mature (Ramenofsky and Wingfield, 2007). Apart from natural
influences, human activity can also impact fish movement (Evans and Johnston, 1980; Larinier, 2001;
Reist et al., 2006; Farrell, 2009). For example, Williams et al. (2008) found that the construction of dams
within the Snake River, Oregon led to a later migration of salmon fry. In addition to local-scale
anthropogenic impacts, broad-scale changes to climate caused by human activities may permanently
alter the global environment, resulting in sudden or erratic alterations in weather, climate, and physical
surroundings (Wilcove and Wikelski, 2008; Milner-Gulland et al., 2011; Moore, 2011). Many species of
fish migrate seasonally, relying on the signals of water temperature change, which may be affected by
climate change (Jordan and Wortley, 1985; Jepsen and Berg, 2002; Binder et al., 2011; Milner-Gulland et
al., 2011). Still others, such as the Pacific lamprey (Entosphenus tridentatus), rely on photoperiod to
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synchronize their migratory activity (Andrews et al., 2010; Binder et al., 2011). The progression of all
types of migration includes initial accumulation of resources, transit and energy reacquisition substages,
and finally concluding at the terminus location. Each of these states involves strictly controlled
physiologies and behaviors that must adjust according to local environmental conditions (Ramenofsky
and Wingfield, 2007).
Consequently, many species have evolved physical characteristics and age-specific strategies
that allow them to survive, utilize, and rely upon certain environmental cues (Jones and Petreman,
2015). For example, salmonids have thrived in their riverine environments by adapting their spawning
and egg incubation to their local flow regime (Taylor, 1991). Theoretically, natural selection resulted in
these responses because migration provides a net gain to fitness (Davidsen, 2010). Therefore,
movement triggered by environmental factors, should be triggered by the combination of those that
dictate the most beneficial timing, route, and duration of migration. Unfortunately, migration and any
end goal activity may be delayed or missed entirely if environmental conditions are not suitable or if
environmental triggers do not accurately communicate relevant information to the animals,
underscoring the need to understand and maintain the environmental signals that are important to
individual migratory species (Forsythe et al., 2012; Jones and Petreman, 2015).
In fish, season is the decisive trigger for many migratory movements and is most likely indicated
to the fish by the length of day (Eriksson et al., 1982; Jonsson, 1991; Sandlund et al., 2014). However,
annual variation in the timing and intensity of migration and movement are influenced by the
environmental variables of water flow, water temperature, and photoperiod (Northcote, 1984; Jonsson,
1991; Sandlund et al., 2017), in addition to abiotic factors such as salinity, dissolved oxygen, and
barometric pressure (Leggett, 1977; Sackett et al., 2008; Hays et al., 2016). Downstream migrations
often take place during darkness, with progressively waxing moonlight actively reducing movement
distance and speed (Mason, 1975; Jonsson, 1991). Even in laboratory-controlled experiments with a
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complete lack of light and other variables constant, fish demonstrated innate activity rhythms that
directly correlated with the lunar cycle (Boetus, 1967; Edel, 1976). While the cover of darkness is
believed to assist in predator avoidance, daytime migrations have also been observed in other fish, such
as brook sticklebacks (MacLean and Gee, 1971). Other abiotic factors such as water flow also influence
the direction of migration, with the route of Atlantic salmon (Salmo salar) fluctuating with the current
when moving seaward (Fried et al., 1978). Increased water discharge can also speed migration by
allowing fish to travel downstream without expending energy to actively swim (Jonsson, 1991; Allen et
al., 2018). A high water influx can also provide protection from visual predators due to increased
turbidity and surface undulations (Hvidsten and Hansen, 1989).
As most fish are poikilothermic, their activity levels can be correlated to water temperature;
relatively low activity occurs at low temperatures, whereas higher activity correlates with elevated
temperatures, requiring greater energy expenditures (Jonsson, 1991; Lucas et al., 2001; Wooton and
Smith, 2015). While water temperatures may stimulate migratory behavior, research suggests there is
no specific threshold temperature to predict fish migration across multiple species (Jonsson, 1991). For
example, while a 3-4° C difference between river and seawater temperature correlated with European
silver elver movement, while brown trout exhibited movement over a wide range of temperatures
(Gandolfi et al., 1984; Davies and Sloane, 1987). In most systems and species, there appears to be a suite
of environmental and physiological factors that can play a role in initiating migration, and if one
environmental catalyst does not occur, then another factor may initiate migration (Jonsson, 1991;
Yoshioka and Yaegashi, 2018). This potential hierarchy of drivers can affect the timing of migratory
movements, as phenological factors may arise at different points of a given migratory season. As well,
different mechanisms may stimulate migration in disparate environments based on adaptations to local
abiotic factors, ensuring that migratory movements begin when it is most advantageous to the species
(Jonsson, 1991; Allen et al., 2018).
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This study serves to assess the environmental metrics associated with striped mullet activity and
movement. Abiotic factors that have historically been shown to trigger migratory movements, such as
water temperature and photoperiod, as well as environmental variables that may affect other types of
daily or seasonal movements, such as turbidity and dissolved oxygen, were both sampled and analyzed
in association with fish activity and movement. By first evaluating the various trends in these metrics,
differences in spatial and temporal scales may emerge and identify areas that are subject to
fluctuations. The associations of specific variables with fish activity then provide insight into what
environmental factors may need to be closely monitored in order to maintain fish behavior that
supports both the focus ecosystem as well as any human dimensions that depend on it.

Objective: Assess environmental metrics associated with striped activity and movement.

Question: Do key environmental variables correlate with striped mullet movement and activity?

Hypotheses:
H0: No specific environmental variables correlate with striped mullet movement and activity.
HA1: The environmental variable of water temperature is most correlated with striped mullet movement
and activity.
HA2: The environmental variable of barometric pressure is most correlated with striped mullet
movement and activity.
HA3: The environmental variable of photoperiod is most correlated with striped mullet movement and
activity.
HA4: The additive or interactive effects of water temperature, barometric pressure, and photoperiod are
most correlated with striped mullet movement and activity.
57

Methods
Study Site
The study location is identical to that described in Chapter I of this thesis (please see the
Methods section, Chapter I above). Briefly, the Indian River Lagoon (IRL) Complex spans approximately
251 kilometers and is comprised of the Mosquito Lagoon, the Indian River, and the Banana River. This
area also includes the Merritt Island National Wildlife Refuge (MINWR), a 140,000-acre preserve on
Kennedy Space Center property (Adrian et al., 2008).

Abiotic Sampling
Abiotic factors, including water temperature, dissolved oxygen, turbidity (measured with an
infrared light source in FNU, or formazin nephelometric unit, and equivalent to NTU, or nephelometric
turbidity unit, which is measured with a white light; USGS, 2017), pH, salinity, depth, photoperiod, and
barometric pressure were recorded, either in situ (this study using Onset® HOBO® loggers or a YSI-multiparameter probe) or remotely from available online resources (St. Johns River Water Management
District [SJRWMD]). These factors were evaluated in relation to the movement data (number of
detections and residency time as separate response variables) to assess if certain abiotic conditions best
predict different types of movement. Environmental variables were collected on three different spatial
scales, lagoon, sub-regional, and site, and over two spawning seasons, from November 2017-February
2019.
To assess lagoon-wide environmental variability, five SJRWMD water quality monitoring stations
surrounding and located within MINWR were selected and split into north, mid, and south regions
(Figure 24). Environmental metrics were then averaged on a monthly basis. One-way ANOVAs were
performed in order to determine if there was a significant difference in each environmental metric by
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lagoon regions across spatial and temporal scales. Continuous Onset® HOBO® loggers were deployed at
the rough geographic center of fish capture regions in order to evaluate any sub-regional differences in
light penetration and water temperature (Figure 25). Finally, when detection data were downloaded
each month, environmental metrics were also taken at each receiver (Please see Figure 4, Chapter 1).
Due to their relatively close positions, the receivers in the ITL impoundments were grouped into North,
South, and Banana River (BR), with the mean environmental metrics calculated for each region. The rest
of the receivers were tested independently. One-way ANOVAs were performed in order to determine if
there was a significant difference in each environmental metric by site across spatial and temporal
scales. Posthoc Tukey HSD tests were conducted on all signficant ANOVA results to assess sources of
significant differences among locations.
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Figure 24: Acoustic receivers (red) within Kennedy Space Center property in relation to SJRWMD Continuous Monitoring
Stations (black).
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Figure 25: Locations of Continuous Onset HOBO loggers on Kennedy Space Center property

Variables and Linear Mixed Model Selection
Using the glmmADMB package (Skaug et al., 2016) in R, regression models of explanatory
environmental variables were evaluated using the Akaike Information Criterion (AIC) in order to assess
which environmental conditions are most associated with M. cephalus behavior, using two of the three
fish case studies highlighted throughout this thesis (fishes Kilo and November). Fish Delta did not have
adequate abiotic data in conjunction with movement data to develop models; hence it was not included
in subsequent analyses. AIC is a statistical tool used to compare different models by producing a score
based on how each model best fits the generated data. The model with the lowest AIC score is then
judged to be the best fitting model and null hypothesis testing is employed to more explicitly interpret
the relationship between included variables and the resulting outcome (Snipes and Taylor, 2014).
Linear mixed models were performed using temperature, dissolved oxygen, turbidity, pH,
salinity, depth, barometric pressure, and photoperiod values from both site-specific locations (fish Kilo)
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as well as SJRWMD Continuous Monitoring Stations (fish November). These metrics were assessed
independently as well as in combination in order to explain the number of detections and residency
time generated by each fish at each receiver. The first models were each selected to assess the effect
that each variable individually may have on the number of detections. Month and receiver were
included as random effects. Before any groupings were attempted, the variance inflation factor was
calculated to identify any variables that may be collinear. Models included up to three abiotic factors,
assessing all possible variables with both additive and interactive models. The best fitting models from
each category were compared to determine the best fitting model overall (see Appendix B for full list of
models tested). Lastly, the best fitting models were plotted with each response variable and both
marginal and conditional coefficients of determination (R2) evaluated. Marginal R2 values represent the
variance explained by the fixed effects while conditional R2 values denote the variance described by the
entire model, including both fixed and random effects (Nakagawa and Schielzeth, 2013).

Caveats
Determining which set of environmental data to include in the model selection process for fish
Kilo produced a dilemma. The environmental monitoring conducted by the SJRWMD was much more
robust and complete, with hourly samples over nearly the entire time scale of the study. However, the
closest SJRWMD station was nearly 20 km distance from the ITL Impoundments, where the activity from
fish Kilo was recorded. The abiotic sampling that was performed by the personnel in this study was only
performed on a monthly basis, and therefore was not nearly as consistent, but was conducted in very
close proximity to where the fish was located. Correlations were performed between the nearest
SJRWMD station and monthly environmental data collected in the ITL Impoundments and produced
poor results, meaning the data from the SJRWMD would not be reflective of the environmental
conditions within the ITL Impoundments. Therefore, the monthly sampling would need to be used, even
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though these were point data sources and not necessarily representative of longer-term temporal
changes within the ITL Impoundments. In order to analyze fish activity and movement with these
constraints, three days of activity that was known to have occurred at and around the time of the
monthly personnel abiotic sampling were isolated and used in the model selection process.

Assessment of Movement Coupled with Abiotic Environment
One-way ANOVAs were conducted to evaluate differences in number of detections and
residency time across environmental bins for each fish, using data from specific sites or the nearest
SJRWMD continuous monitoring stations. Posthoc Tukey HSD tests were conducted on all signficant
ANOVA results to assess sources of significant differences among environmental variables. The location
data were analyzed using the VTrack package in R to pinpoint the time and date of relatively large-scale
movements. Environmental metrics that were found to be the best predictors for activity by both fish
were isolated at each date interval and compared to those particular points of interest.

Results
Abiotic Sampling
Lagoon Scale
Water temperatures ranged from 8.4-33.2° C, following a seasonal trend (Figure 26). There were
highly significant differences in temperature among the three broad regions and months (Region oneway ANOVA F2,3 = 544.3, p <0.001; Month one-way ANOVA F2,12 = 1025.6, p <0.001). The northern region
had significantly lower temperatures throughout the year, followed by the mid and southern regions (all
Tukey HSD p values <0.001).
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Figure 26: Temperature (°C) at SJRWMD Continuous Monitoring Stations over time.

Although much noisier, dissolved oxygen inversely followed the same trend, ranging from 0.0316.4 mg/L (Figure 27). There was no significant difference among regions and a highly significant
difference between months (Month one-way ANOVA F2,12 = 19.88, p<0.001). Generally, months within
the same season did not have significantly different levels of dissolved oxygen, but summer months had
significantly lower levels of dissolved oxygen than winter months (all Tukey HSD p values <0.05).
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Figure 27: Dissolved oxygen (mg/L) at SJRWMD Continuous Monitoring Stations over time.

Turbidity showed a much wider range, from 0-493.2 FNU (Figure 28). There was a slight
significant difference among regions and no significant difference between months (Region one-way
ANOVA F2,3 = 4.92, p<0.05). The southern region had significantly less turbidity than the northern region
(Tukey HSD p value <0.001).
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Figure 28: Turbidity (FNU) at SJRWMD Continuous Monitoring Stations over time.

Over the course of this study, pH ranged from 7.3-9.4 (Figure 29). There was a highly significant
difference in pH across regions and no significant difference across months (Region one-way ANOVA F2,3
= 15.55, p<0.001). The northern and southern regions had significantly lower pH than the mid region
(Tukey HSD p values <0.001).

66

Figure 29: pH at SJRWMD Continuous Monitoring Stations over time.

While salinity was susceptible to short-term and somewhat erratic fluctuations in instrument
readings, average salinity levels ranged from 16-36 ppt (Figure 30), with a highly significant difference
across both region and month (Region one-way ANOVA F2,3 = 42.09, p<0.001; Month one-way ANOVA
F2,12 = 4.29, p<0.05). The northern region had significantly higher salinity than the mid and southern
regions (Tukey HSD p value < 0.05). The month of August had significantly higher salinity than the
months of April and May (all Tukey HSD p values < 0.05).
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Figure 30: Salinity (ppt) at SJRWMD Continuous Monitoring Stations over time.

Sub-Regional Scale
Unfortunately, due to unit corrosion, data from the HOBO continuous logger at BC3 from May
2018 to present could not be retrieved. This produced an inconsistent amount of regional data that
were not robust enough to accurately evaluate for significant differences. Therefore, only general trends
for three sub-regions (Banana Creek, Banana River, and the ITL Impoundments) are described and
displayed graphically. Over the course of this study, water temperature ranged from 10-30 C°, with an
expected slow increase as the season transitioned from winter to summer (Figure 31). Light intensity
was quickly overwhelmed by encrusting barnacles in the ITL impoundments (Myers Pers. Obs.), but
remained fairly high in the Banana River, with little evidence of biofouling. After an initial peak in
Banana Creek, light intensity ultimately decreased to roughly ITL levels (Figure 32).
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Figure 31: Water temperature (°C) across months and HOBO regions. Colors indicate receiver locations; Banana Creek in
turquoise, Banana River in seagreen, and the ITL Impoundments in yellow.

Figure 32: Light intensity (lum/ft2) across months and HOBO regions. Colors indicate receiver locations; Banana Creek in
turquoise, Banana River in seagreen, and the ITL Impoundments in yellow.
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Site Scale
Temperature, turbidity, and salinity samples taken at individual receivers were significantly
different from each other by both site and month. While some sub-regional trends do emerge, such as
turbidity levels in the ITL Impoundments, there is much more variation at an individual level, revealing
specific outliers. For example, water temperatures at two receivers within the Banana River were
significantly colder than the water temperatures at the other receivers in the system (all Tukey HSD p
values < 0.001). Dissolved oxygen and depth samples deviated from this trend, showing significant
differences by only month and site, respectively (Oxygen Month one-way ANOVA F2,11 = 4.36, p<0.001;
Depth Site one-way ANOVA F2,12 = 26.38, p <0.001). Differences in all sampled environmental variables
over months were generally dictated by seasonality.
There was a significant difference in water temperature by both site and month (Site one-way
ANOVA F2,12 = 24.34, p<0.001; Month one-way ANOVA F2,11 = 155.65, p<0.001). Water temperatures at
receivers BR5 and BR6 were significantly colder than the other receivers in the Banana River as well as
receivers in the Banana Creek and the ITL Impoundments (Tukey HSD p values <0.001). Monthly water
temperatures ranged from 14.9° C to 30.6° C and followed a similar seasonal trend to the lagoon wide
and regional water temperature data. Turbidity also showed significant differences by both site and
month (Site one-way ANOVA F2,12 = 3.59, p<0.05; Month one-way ANOVA F2,11 = 3.14, p<0.05). Turbidity
at receivers in the southern impoundment was significantly higher than the receivers in the Banana
River adjacent to the ITL Impoundments (ITL_BR) (Tukey HSD p value <0.05). The months of October and
November had significantly lower turbidity levels than May (Tukey HSD p values <0.05). Finally, there
was a significant difference in salinity by both site and month (Site one-way ANOVA F2,12 = 3.75, p<0.05;
Month one-way ANOVA F2,11 = 5.95, p<0.001). Water at receivers in the ITL Impoundments was
significantly less saline than near Receiver BC4, and water at receivers BC4 and BC3A was significantly
more saline than near BC2 (Tukey HSD p values <0.05). From a temporal standpoint, water in August
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was significantly less saline than water sampled in February, March and April; October water samples
were significantly more saline than those from June, July, and August (Tukey HSD p values <0.05).
There was a significant difference in dissolved oxygen by month, but not by site (Month one-way
ANOVA F2,11 = 4.36, p<0.001). The month of September had significantly lower levels of dissolved oxygen
than the months of February, April and May (all Tukey HSD p values < 0.05). Lastly, there was a
significant difference in depth by site, but not by month (Site one-way ANOVA F2,12 = 26.38, p<0.001). In
general, Banana River was significantly deeper than both Banana Creek and the ITL Impoundments
(Tukey HSD p values <0.05).

Variables and Linear Mixed Model Selection
The variance inflation factor found temperature and dissolved oxygen to be negatively collinear.
Therefore, no models included both of these factors. Depth was the best singular environmental metric
to predict both the residency time for fish Kilo and number of detections for fish November. Barometric
pressure and temperature were the best single environmental variables to predict the number of
detections for fish Kilo and residency time for fish November, respectively. Therefore, these metrics
were used as base models and other environmental variables were added based on increasing AIC
values. For example, as temperature had the next lowest AIC value after barometric pressure (fish Kilo,
number of detections model), the subsequent model is constructed using two abiotic factors, the
additive effect of barometric pressure and temperature on number of detections. Model development
continued up to three abiotic factors, assessing all possible variables with both additive and interactive
models (See all possible models in Appendix B). The number of detections produced by fish Kilo had four
models with the same AIC scores, therefore the most parismonious model (i.e. model with fewest
parameters) was chosen; the additive effect of barometric pressure and temperature. The residency
time generated by fish Kilo was best described by the interactive model of depth, pH, and photoperiod.
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The number of detections produced by fish November was best explained by the interactive effect of
depth and pH along with the addictive effect of dissolved oxygen. The residency time generated by fish
November was best described by the additive effect of temperature and depth along with the
interactive effect of pH. The number of detections model for fish Kilo produced marginal and conditional
R2 values of ~0.63 (Figure 33). The residency time model of fish Kilo yielded marginal and conditional R2
values of ~0.04 (Figure 34). The marginal and conditional R2 values for the number of detections model
for fish November were both ~0.99 (Figure 35). For the residency time model of fish November, the
marginal R2 value was ~0.56 with the conditional R2 value at ~0.65 (Figure 36).

Marginal R2 = 0.63
Conditional R2 = 0.63

Figure 33: The best fitting model (Barometric pressure + temperature + 1|Month + 1|Station) plotted against the number of
detections generated by fish Kilo over time.
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Marginal R2 = 0.04
Conditional R2 = 0.04

Figure 34: The best fitting model (Depth * pH * photoperiod + 1|Month + 1|Station) plotted against the residency time
(days) of fish Kilo over time.

Marginal R2 = 0.99
Conditional R2 = 0.99

Figure 35: The best fitting model (Depth * pH + dissolved oxygen + 1|Month + 1|Station) plotted against the number of
detections generated by fish November over time.
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Marginal R2 = 0.56
Conditional R2 = 0.65

Figure 36: The best fitting model (Temperature + depth * pH + 1|Month + 1|Station) plotted against the residency time
(days) of fish November over time.

Assessment of Movement Coupled with Abiotic Environment
Most detections and longer residency times for fish Kilo occurred between 27° and 30° C. All
detections and residency times for fish November occurred between 22° and 23° C, with more
detections at 22° C and slightly higher residency times at 23° C. Neither number of detections nor
residency time were significantly different for either fish Kilo or fish November across temperature bins.
The majority of detections and longer residency times for fish Kilo were associated with
saturated dissolved oxygen levels (~90-100%). There was a highly significant difference in the number of
detections across dissolved oxygen bins for fish Kilo (Detection one-way ANOVA F2,23 = 2.36, p<0.001;
Figure 37). Super saturated dissolved oxygen levels (> 120%) were associated with significantly fewer
detections (all Tukey HSD p values < 0.05). Most detections and residency time for fish November were
associated with dissolved oxygen levels of approximately 6 mg/L, with ~7 mg/L being the highest
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recorded. There were not a significant differences in the number of detections or residency time across
dissolved oxygen bins for fish November.

Figure 37: Number of detections generated by fish Kilo vs. dissolved oxygen (%) bins.

Detections and longer residency times largely occurred at lower levels of turbidity (<10 NTU) for
fish Kilo, although there also were instances of higher residency times between 30-40 NTU. There was a
significant difference in number of detections across turbidity bins for fish Kilo (Detection one-way
ANOVA F2,22 = 2.36, p<0.05; Figure 38). Significantly less detections occurred at turbidity levels greater
than ~7 NTU (all Tukey HSD p values < 0.05). There were no data available to determine significant
differences across turbidity bins for fish November.
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Figure 38: Number of detections generated by fish Kilo vs. turbidity (NTU) bins.

Most activity from fish Kilo transpired between pH levels of 8.0 and 8.2. There was a highly
significant difference in the number of detections across pH bins for fish Kilo (Detection one-way ANOVA
F2,10 = 5.48, p<0.001; Figure 39). Significantly greater numbers of detections occurred at a pH of 8.0 than
at all pH levels greater than 8.1 (all Tukey HSD p values <0.05). All activity by fish November took place
between pH levels of 8.0 and 8.2. There was a significant difference in residency time across pH bins for
fish November (Time one-way ANOVA F2,3 = 5.48, p<0.001; Figure 39). Residency time was significantly
higher in waters with a pH of 8.1 than a pH of either 8.0 or 8.2 (all Tukey HSD p values < 0.05). No data
are shown for pH 8.0 because the number of detections that occurred during that bin did not produce a
measurable residency time (Figure 40).
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Figure 39: Number of detections generated by fish Kilo vs. pH bins.

Figure 40: Residency time generated by fish November vs. pH bins.

Most detections by fish Kilo took place between salinity levels of 16 and 26 ppt, with higher
residency times occurring between 19 and 26 ppt. There was a highly significant difference in number of
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detections across salinity bins for fish Kilo (Detection one-way ANOVA F2,11 = 4.33, p<0.001, Figure 41).
Significantly more detections occurred at a salinity level of 25 ppt (all Tukey HSD p values < 0.05). All
movement by fish November occurred when waters had salinity levels between 24 and 27 ppt, with 26
and 25 ppt producing a greater number of detections and residency time, respectively. There was no
significant difference in the number of detections or residency time across salinity bins for fish
November.

Figure 41: Number of detections generated by fish Kilo vs. salinity (ppt) bins.

Most detections and residency time for fish Kilo occurred at relatively greater depths, with
higher activity between 1.2 and 1.4 m. However, there were no significant differences between number
of detections or residency time across depth bins for fish Kilo. For fish November, all activity occurred at
a depth of approximately 1.7 m, therefore significant differences between number of detections or
residency time across depth bins could not be evaluated.
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Fish Kilo demonstrated higher activity levels during photoperiods of 0.50, or 12 hours of
daylight. There was not a significant difference in number of detections or residency time across
photoperiod bins for fish Kilo. For fish November, all activity occurred at photoperiods of 0.40 (9.6 hours
of daylight), therefore significant differences between number of detections or residency time across
photoperiod bins could not be evaluated.
Lastly, activity generated by fish Kilo occurred during periods of barometric pressure ranging
from 760.2 and 766.6, with most movement generally occurring during periods of relatively higher
pressure. Neither number of detections nor residency time were significantly different across
barometric pressure bins for fish Kilo. There were no data available to determine significant differences
across barometric pressure bins for fish November.
The movement of the two fish case studies that have been described throughout this chapter
were compared with averages of the best fitting explanatory environmental variables shared by both
fish (depth, temperature, and pH). Fish November traveled from Banana Creek into the Indian River in
early December, with depth remaining fairly stable. Temperature and pH both exhibited small
fluctuations throughout. Data for December 8, as the fish moved farther south in the Indian River, were
unavailable. Seasonal trends could not be determined due to the small window of movement produced
(Figure 42). In terms of scale, fish Kilo did not disperse as great a distance as fish November, but had the
most consistent activity as it remained within the ITL. The highest rate of activity corresponded with a
decrease in depth, a slight decrease in temperature after a seasonal peak, and a slight decrease in pH
(Figure 43).
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Figure 42: Distance traveled by fish November (black lines) compared to average hourly explanatory environmental variables
1) Depth (blue line), 2) Temperature (red line), 3) pH (pink line).
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Figure 43: Distance traveled by fish Kilo (black lines) compared to monthly samples of explanatory environmental variables
1) Depth (blue line), 2) Temperature (red line), 3) pH (pink line).
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Discussion
In this study, environmental factors were examined relative to fish movement and activity.
Seasonal fluctuations in environmental metrics were observed at both broad and fine scales. Moving
from lagoon scale to site specific sampling, much more individual variation was revealed, both spatially
and temporally. The appropriate environmental data was assessed in relation to fish movement from
two case studies and the data suggest that a multitude of abiotic factors should be considered when
predicting the movement and activity of striped mullet, with each metric potentially affecting these fish
in different ways. However, the model selection process demonstrated that the prediction value of most
of the best fitting models relied heavily on random effects (e.g. month, site), rather than fixed effects
(e.g. depth, pH). This should be taken into account when considering the prediction value of these
models and their corresponding variables.

Abiotic Sampling
Lagoon Scale
On this large of a scale, geographic effects can be observed, with water temperature lower at
higher latitudes. Interestingly, dissolved oxygen does not significantly follow the same trend, only
corresponding to seasonal changes. Turbidity and pH are much more likely to be affected by region, with
their levels impacted by surrounding land usage that determine the amount of sediment and particulate
runoff into the water. Turbidity is also greatly impacted by wind and tides. Salinity can also be tied to a
latitudinal gradient, with higher evaporation rates caused by increased temperatures. Regional
characteristics coupled with seasonal fluctuations will dictate general striped mullet distribution and
annual movement trends.
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Sub-Regional Scale
Banana River exhibited higher amounts of light intensity than Banana Creek and the ITL
Impoundments. This may contribute to the fishes’ relatively fast movement through the area as
increased amounts of light can leave them vulnerable to visual predators. The ITL Impoundments were
most reflective of a seasonal pattern in temperature, most likely due to its shallow depths, allowing heat
or cold to penetrate more quickly into the water column. However, this does pose a risk, as temperature
can drive levels of dissolved oxygen dangerously low, leading to fish kills that have been observed in the
study area.

Site Scale
By site, there was much more variation in all environmental metrics, with the exception of
dissolved oxygen. This demonstrates that although these receivers are all in relatively close proximity in
their respective geographic regions, site specific differences do occur. Favorable environmental
conditions combined with explanatory factors such as an abundance of prey or refugia from predators
may lead to fish favoring one particular site within a region; while habitat quality was not quantified in
this study, this could be a potential reason why there were relatively higher detections near receivers
BC2 or ITL_S1. The comparison is also somewhat skewed towards the metrics taken in the ITL
Impoundments. Due to restrictions on project personnel and weather conditions, the Banana Creek and
Banana River regions could not be sampled on a strict monthly basis.
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Variables and Linear Mixed Model Selection
For both number of detections and residency time for both fish, the AIC scores for many of the
models had relatively similar values, intimating that these factors are closely intertwined and all have an
important role in predicting both of the response variables. For models concerning fish Kilo, the
marginal and conditional R2 values for number of detections were relatively high (~0.63), showing that
the model fits the data well. However, as both values were the same, adding fixed effects did not
improve the prediction ability of the model. Therefore, the random effects of month and site explained
much of the variance while the fixed effects of abiotics (temperature and barometric pressure) did not
account for any additional variance. For residency time, both the marginal and conditional R2 values
were quite low and also the same (~0.04), most likely due to the higher number of outliers throughout
the residency time data set. Again, month and site, random effects, described most of the variance in
residency time rather than the fixed effects of environmental metrics. For models concerning fish
November, the marginal and conditional R2 values for the number of detections were equally high
(~0.99), demonstrating that this model fits the data extremely well. However, adding in abiotic variables
(fixed effects) did not increase the prediction ability of the model, with the metrics of month and site
describing most of the variance in fish November’s number of detections. For residency time, the
marginal and conditional R2 values were relatively high (~0.56 and ~0.65, respectively). This
demonstrates that the random effects of month and site predict residency time values well, but
including the environmental metrics (fixed effects) of temperature, depth, and pH will increase that
ability. Although a myriad of environmental metrics influence fish behavior and movement, only the
variables that were shown to be significant through this study’s model selection (depth, temperature,
dissolved oxygen, pH, barometric pressure, and photoperiod) are discussed below.
Previous research has shown that striped mullet may segregate by depth based on size, with
larger fish preferring deeper water, especially during winter months (McDonough, 2006). As this study
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contained only adult mullet, it can be deduced that most of the activity should have occurred at greater
depths. The ITL impoundments are a shallow water habitat, never reaching more than 2.5 m in depth. As
such, movement and residency time were restricted to these depths. However, portions of putative
migratory pathways through the Indian River Lagoon, including the Banana and Indian Rivers are
capable of reaching greater depths. The majority of movement and residency time in these deeper
regions occurred at 6 m or greater. Striped mullet also primarily consume detritus and macroalgae,
obtaining much of their prey from the benthos (Whitfield et al., 2012). Therefore, most of their foraging
time will be spent near the bottom of the water column. Based on the size of the individual (as a proxy
for age), depth may be used as a predictor variable of fish presence as it affects both short term and
longer term activities.
It should also be noted that the detection range of these acoustic receivers is greatly affected by
depth (Lacroix and Voegeli, 2000; Simpfendorfer et al., 2008; Mathies et al., 2014). Water depth and
detection range are positively correlated; as water depth increases, so does the range of detection.
Therefore, receivers in deeper waters (Banana and Indian Rivers, in this study) have the potential to
record detections that would not necessarily be recorded at shallower receivers in Banana Creek and
the ITL Impoundments. As number of detections was included as a response variable in the above
models, including depth in the best fitting model may be a function of receiver location rather than a
true indicator of striped mullet activity and movement. As such, the predictive value of this metric
should be viewed with some caution.
On a broad scale, temperature is a vital metric that can dictate a species’ physiology, behavior,
and distribution (Magnuson et al., 1979; Harmon and Barton, 2013; Abram et al., 2017). By controlling
the body temperature of an organism, this factor also regulates its metabolic rate and corresponding
bodily functions (Kieffer et al., 1998). As such, organisms seek to occupy space that exhibit temperatures
most ideal for performing crucial tasks, such as feeding and reproducing. If the temperature deviates
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from optimal levels, organisms partake in thermoregulatory strategies to maintain appropriate
physiological operations (Thorpe, 1994). Adult fish in particular are susceptible to thermal changes,
having both a smaller range of thermal tolerance as well as exhibiting greater magnitudes of negative
effects due to increased temperatures than juveniles (Rodnick et al., 2004; Portner and Farrell, 2008).
On a species-specific level, temperature is well documented as regulating the rate of vitellogenesis in
the striped mullet (Kuo et al., 1974; Kelley, 1990). In this study, fish activity generally occurred at
temperatures less than 30° C, suggesting that water temperatures can be utilized to predict striped
mullet movement based on their need to perform regulatory measures at higher temperatures or
reproductive processes at seasonal low temperatures.
A major limiting factor for all aquatic organisms is oxygen, as there is both decreased availability
of this resource in water and increased costs of its uptake (Kramer, 1983). Following the optimality
theory in behavioral ecology, organisms will maximize resource extraction while concurrently minimizing
its cost (Kramer, 1987). As oxygen uptake is critical for survival, fish will often forgo other resources in
order to obtain this one vital element. For example, when fish are required to relocate to different areas
for higher levels of dissolved oxygen, their predation risk and access to other resources (shelter, food,
etc.) may be negatively affected. In addition, as more energy is required for oxygen extraction, less
energy will be dedicated towards large movements, growth, and reproduction (Kramer, 1987). Although
oxygen tolerance does vary somewhat by species, there is some evidence that the family Mugilidae is
one of the most sensitive in this regard (Sylvester et. al, 1975; Wannamaker and Rice, 2000; Maes et al.,
2007). This is supported by the results of this study, with most striped mullet activity occurring in waters
with higher concentrations of dissolved oxygen (within their respective regions). While chronic
decreased dissolved oxygen levels may have some long-term effects on reproduction and growth, acute
changes due to temperature or phytoplankton blooms are more likely to influence the short-term
activity of fish.
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Sudden changes in pH can induce stress or death in aquatic organisms, even when the
alterations occur within their typical range of tolerance (Zahangir, et al., 2015). Physiologically, when
exposed to rapid fluctuations in pH, fish are unable to regulate their acid-base and ion levels and have
difficulty maintaining proper ammonia excretion (Das et al., 2006). In addition, Jones et al. (1985)
demonstrated that low pH led to both decreased activity and feeding, with fish actively avoiding the
stressor when possible. In some fish species, low pH has also been linked to a decrease in oogenesis, egg
fertility, and fry growth (Craig and Baksi, 1977; Ruby et al., 1977). Most fish activity took place in waters
with a pH range of 7.7-8.2, suggesting that these levels are optimal for the fish. Due to the mainly
physiological effect that pH has on fish, this metric is more likely to predict short-term activity, although
seasonal mass movements and reproductive success may also be affected in the future through
anthropogenic climate change.
Within the aquatic realm, fluctuations in barometric pressure are most associated with incoming
weather fronts and storms. Prior studies have demonstrated that marine organisms will vacate areas in
a storm’s path, most likely due to a combination of signals from falling barometric pressure and other
interrelated environmental metrics, such as wind speed (Huepel et al., 2003; Henderson et al., 2014).
This is supported by the striped mullet movement in this study, as most activity took place during
periods of higher pressure, which is often an indication of fair weather (UCAR, 2019). As well, some
migratory species such as salmonids have also used barometric pressure as a cue to commence
spawning migrations (Jonsson, 1991; Dedual and Jowett, 1999). Although there is not yet a definitive
consensus, with other studies finding that barometric pressure has no effect on the movement of
certain species (Warden and Lordio, 1975; Paukert et al., 2004), movement seems to be more closely
tied to changes in barometric pressure rather than a specific barometric pressure value. (Rogers, 1998;
Heupel et al., 2003; Henderson et al., 2014). In the future, research should incorporate differences in
barometric pressure as a response variable to assess this metric’s effect on fish activity and movement.
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Photoperiod can impact both the behavioral habits and physiological characteristics of fish. In
response to diurnal fluctuations in light regimes, many fish species exhibit cyclic movements amidst
foraging and refuge habitats, known as diel vertical migration (Bentley et al., 2014). This behavior is
performed as a dual feeding and predator avoidance strategy, with fish capitalizing on environmental
conditions (i.e. darkness to obscure or limit predator vision) to minimize the risk of normally hazardous
foraging grounds. Photoperiod duration is also recognized as playing a large role in regulating the
seasonal reproductive cycle, mainly responsible for stimulating ovarian development in striped mullet
(Kelley et al., 1991; McDonough et al., 2005). Multiple sources have observed the genesis of accelerated
gonadal development and migratory behavior as natural photoperiod decreases to less than 12 hours
(Dindo et al., 1978; Yelghi et al., 2011). The highest number of detections and residency time both
occurred when percent daylight was less than 50%, suggesting that more fish movement transpired
during these times. Thus, photoperiod may be used to assess fish movement based on their daily activity
as well as a serve as possible indication for imminent migratory movement.

Assessment of Movement Coupled with Abiotic Environment
Of the two case studies assessed in this study, fish Kilo appeared to be more affected by
environmental fluctuations. Dissolved oxygen, turbidity, pH, and salinity all had some effect on the
movement (as a function of detections). The ITL impoundments, where all the movement from fish Kilo
occurred, are a relatively small, enclosed area. As such, the fish may be more sensitive to changes in
their environment, as certain environmental variables (e.g. dissolved oxygen) can reach tipping points
that may cause conditions to deteriorate quite rapidly. By detecting these tipping points, fish may gain
time to vacate the area before levels reach a critical status. Of all the abiotic measurements taken in
association with the movement of fish November, only pH had a significant impact on residency time.
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This may be due to the relatively small amount of movement data available to be analyzed in
conjunction with complementary environmental data, as the environmental metrics associated with fish
movement (DO, turbidity, pH and salinity) are unlikely to exhibit broad seasonal trends that could
potentially trigger mass movements. More data is needed to be able to evaluate movement in the
broader scale of the Indian River Lagoon, particularly in the Banana and Indian Rivers.
Although some environmental variables were able to accurately predict both the number of
detections and the residency time of the fish at various locations, there did not seem to be an obvious
catalyst to any of the movement documented in this study. In addition, only three distinct movement
strategies were demonstrated, with a maximum of two fish employing each. More fish exhibiting each
type of behavior are needed to provide additional support. Of those strategies, the movement that was
displayed by fish November took place over a short amount of time and distance, only allowing for the
analysis of a small fraction of environmental metrics experienced by the fish. Fish Kilo and Mike
remained near their capture location, which does provide new information regarding skipped spawning,
but does not serve to pinpoint specific catalysts for migratory movements. Future research should
consider distance as a response variable to evaluate if any other metrics may be able to trigger
large/mass movements.

Management Recommendations
Of the environmental variables shown to influence the movement of striped mullet in this study,
pH and temperature are often greatly impacted through global-scale anthropogenic activities. Currently,
fish can effectively respond to carbon dioxide induced acid-base fluctuations, but ocean acidification is
beginning to impact a wide range of physiological functions in aquatic organisms (Munday et al., 2012;
Heuer and Grosell, 2014). It is suggested that in the absence of rapid adaptation, increased carbon
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dioxide levels may require an overall higher, more constant amount of ion exchange to maintain normal
pH and ion balances within the fish (Heuer and Grosell, 2016). In turn, this would increase the cost of
basic survival processes, which may cause negative trade-offs in other aspects of the species’ life history,
such as reproduction (Portner et al., 2004). With temperatures increasing relatively rapidly, many fish
species are physically shifting their distributions northward (Goldfarb, 2017). Shifts in distribution are
often accompanied by a host of issues, including altering available prey species, the amount of suitable
habitat, and competition with other drifting species. Warming temperatures are also leading to a cruel
paradox; higher temperatures result in higher metabolic rates while decreasing levels of dissolved
oxygen in the ocean (Goldfarb, 2017; Breitburg et al., 2018). As large-scale fish kills have been witnessed
in the study area, particularly the ITL Impoundments, this is an especially pertinent issue. On both coasts
of Florida, red tide events in particular have been responsible for many recent fish kills that impacted
thousands of mullet (Harpster, 2018; Munoz, 2018; Waymer, 2018). All of these factors may serve to
limit fish activity and movement, particularly those involved with reproduction. Global-scale changes
may impact striped mullet in several ways, from adjusting their prey base to shifting energy input from
reproduction to survival. In order to address this, vigilant environmental monitoring as well as a sense of
urgency regarding anthropogenic climate change need to be employed.

Conclusions
The future of the striped mullet will only be secured through the effective management of
dispersal corridors. This mobile species relies heavily on secure dispersal pathways from inshore waters
to offshore spawning grounds and only by effectively managing those dispersal corridors will this species
reach and maintain sustainable levels. Striped mullet within the Indian River Lagoon face this very issue
with nearly two dozen artificial structures dividing the waters of the Indian River Lagoon, interrupting
historic flow and potentially affecting latitudinal movement of these fish (Gilmore, 1981; Larson, 1995;
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Osborn, 2012). In this study, the metrics of network analysis identified areas that serve vital refuge and
corridor functions. The environmental conditions associated with fish movement and activity were also
evaluated on both spatial and temporal scales. By marrying the innate ecological and behavioral
strategies of the species with the fluctuations and long-term trends of their natural environment, truly
informed management actions can be implemented and produce positive results. This approach can also
be applied to other migratory baitfish, as management begins to incorporate the more complex
interactions that can often impact the movement and aggregation of these species. Fogarty and
Botsford (2007) summarize this in a succinct manner, “In assessing actual management situations, the
principal challenge is to go beyond simple model structures to provide more realistic representations of
dispersal and connectivity linked to oceanographic conditions and to the behavior and life history
characteristics of managed species.”
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APPENDIX A: CHAPTER I SUPPLEMENTAL GRAPHS
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Figure 44: Fruchterman-Reingold network graph of receivers (nodes) and fish movement (edges) within the Indian River
Lagoon. Node color indicates rough geographic region while node size represents degree centrality of each node.

Figure 45: Fruchterman-Reingold network graph of receivers (nodes) and fish movement (edges) within the Indian River
Lagoon. Node color indicates rough geographic region while node size represents betweenness centrality of each node.
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Figure 46: Fruchterman-Reingold network graph of receivers (nodes) and fish movement (edges) within the Indian River
Lagoon. Node color indicates rough geographic region while node size represents eigenvector centrality of each node.
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Table 7: Mixed effect models used to explain number of detections for fish Kilo. The best fitting model in each group is
bolded. The best fitting model overall is highlighted in yellow.

Model
M1
M2
M3
M4
M5
M6
M7
M8
M9
M10
M11
M12
M13
M14
M15
M16
M17
M18
M19
M20
M21
M22
M23
M24
M25
M26

Fish Kilo: Detections
One Environmental Variable
Model Variables
AIC Score
Temp + (1|Month) + (1|Site)
1473.4
D.O. + (1|Month) + (1|Site)
1637.9
Turbidity + (1|Month) + (1|Site)
1597.6
Salinity + (1|Month) + (1|Site)
1603.3
pH + (1|Month) + (1|Site)
1635.3
Depth + (1|Month) + (1|Site)
1643.2
BP + (1|Month) + (1|Site)
989.8
Day + (1|Month) + (1|Site)
1620.8
Two Environmental Variables
BP + Temp + (1|Month) +
919.6
(1|Site)
BP + D.O. + (1|Month) + (1|Site)
991.9
BP + Turbidity + (1|Month) +
1006.4
(1|Site)
BP + Salinity +(1|Month) +
988.6
(1|Site)
BP + pH +(1|Month) + (1|Site)
997.8
BP + Depth + (1|Month) +
993.6
(1|Site)
BP + Day + (1|Month) + (1|Site)
976.8
BP * Temp + (1|Month) +
919.6
(1|Site)
BP * D.O. + (1|Month) + (1|Site)
2864.2
BP * Turbidity + (1|Month) +
2707.0
(1|Site)
BP * Salinity + (1|Month) +
3009.2
(1|Site)
BP * pH + (1|Month) + (1|Site)
3116.9
BP * Depth + (1|Month) +
992.8
(1|Site)
BP * Day + (1|Month) + (1|Site)
976.8
Three Environmental Variables
BP + Temp + Turbidity +
919.6
(1|Month) + (1|Site)
BP + Temp + Salinity +
919.6
(1|Month) + (1|Site)
BP + Temp + pH + (1|Month) +
919.6
(1|Site)
BP + Temp + Depth + (1|Month)
919.6
+ (1|Site)
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Weight
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
1
<0.001
0.5
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.5
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.05
0.05
0.05
0.05

M27
M28
M29
M30
M31
M32
M33
M34
M35
M36
M37
M38
M39
M40
M41
M42

M43

M44

M7
M9
M16

BP + Temp + Day + (1|Month) +
919.6
(1|Site)
BP * Temp + Turbidity +
919.6
(1|Month) + (1|Site)
BP * Temp + Salinity +
919.6
(1|Month) + (1|Site)
BP * Temp + pH + (1|Month) +
919.6
(1|Site)
BP * Temp + Depth + (1|Month)
919.6
+ (1|Site)
BP * Temp + Day + (1|Month) +
919.6
(1|Site)
BP * Temp * Turbidity +
919.6
(1|Month) + (1|Site)
BP * Temp * Salinity +
919.6
(1|Month) + (1|Site)
BP * Temp * pH + (1|Month) +
919.6
(1|Site)
BP * Temp * Depth + (1|Month)
919.6
+ (1|Site)
BP * Temp * Day + (1|Month) +
919.6
(1|Site)
BP + Temp * Turbidity +
919.6
(1|Month) + (1|Site)
BP + Temp * Salinity +
919.6
(1|Month) + (1|Site)
BP + Temp * pH + (1|Month) +
919.6
(1|Site)
BP + Temp * Depth + (1|Month)
919.6
+ (1|Site)
BP + Temp * Day + (1|Month) +
919.6
(1|Site)
All Environmental Variables
Temp + Turbidity + Salinity + pH
919.6
+ Depth + BP + Day + (1|Month)
+ (1|Site)
Temp + Turbidity + Salinity + pH
919.6
+ Depth + BP + Day + (1|Month)
+ (1|Site)
Best Fitting Models
BP + (1|Month) + (1|Site)
989.8
BP + Temp + (1|Month) +
919.6
(1|Site)
BP * Temp + (1|Month) +
919.6
(1|Site)
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0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05

0.5

0.5

<0.001
0.25
0.25

M43

M44

Temp + Turbidity + Salinity + pH
+ Depth + BP + Day + (1|Month)
+ (1|Site)
Temp * Turbidity * Salinity * pH
* Depth * BP * Day + (1|Month)
+ (1|Site)
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919.6

0.25

919.6

0.25

Table 8: Mixed effect models used to explain residency time exhibited by fish Kilo. The best fitting model in each group is
bolded. The best fitting model overall is highlighted in yellow.

Model
M1
M2
M3
M4
M5
M6
M7
M8
M9
M10
M11
M12
M13
M14
M15
M16
M17
M18
M19
M20
M21
M22

M23

Fish Kilo: Residency Time
One Environmental Variable
Model Variables
AIC Score
Temp + (1|Month) + (1|Site)
96.2
D.O. + (1|Month) + (1|Site)
66.0
Turbidity + (1|Month) + (1|Site)
64.2
Salinity + (1|Month) + (1|Site)
61.7
pH + (1|Month) + (1|Site)
56.1
Depth + (1|Month) + (1|Site)
55.7
BP + (1|Month) + (1|Site)
98.0
Day + (1|Month) + (1|Site)
74.3
Two Environmental Variables
Depth + Temp + (1|Month) +
96.9
(1|Site)
Depth + D.O. + (1|Month) +
68.0
(1|Site)
Depth + Turbidity + (1|Month) +
65.6
(1|Site)
Depth + Salinity +(1|Month) +
63.3
(1|Site)
Depth + pH +(1|Month) +
56.9
(1|Site)
Depth + BP + (1|Month) +
87.6
(1|Site)
Depth + Day + (1|Month) +
74.7
(1|Site)
Depth * Temp + (1|Month) +
86.1
(1|Site)
Depth * D.O. + (1|Month) +
77.8
(1|Site)
Depth * Turbidity + (1|Month) +
70.9
(1|Site)
Depth * Salinity + (1|Month) +
66.3
(1|Site)
Depth * pH + (1|Month) +
56.3
(1|Site)
Depth * BP + (1|Month) +
90.1
(1|Site)
Depth * Day + (1|Month) +
70.6
(1|Site)
Three Environmental Variables
Depth + pH + Temp + (1|Month)
98.9
+ (1|Site)
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Weight
<0.001
0.0031
0.0075
0.0255
0.4290
0.5350
<0.001
<0.001
<0.001
0.0016
0.0053
0.0167
0.4069
<0.001
<0.001
<0.001
<0.001
<0.001
0.0038
0.5648
<0.001
<0.001

<0.001

M24
M25
M26
M27
M28
M29
M30
M31
M32
M33
M34
M35
M36
M37
M38
M40
M41
M42
M43
M44
M45
M46
M47

Depth + pH + D.O. + (1|Month) +
69.6
(1|Site)
Depth + pH + Turbidity +
67.0
(1|Month) + (1|Site)
Depth + pH + Salinity
64.7
+(1|Month) + (1|Site)
Depth + pH + BP +(1|Month) +
88.0
(1|Site)
Depth + pH + Day + (1|Month) +
55.9
(1|Site)
Depth * pH + Temp + (1|Month)
94.6
+ (1|Site)
Depth * pH + D.O. + (1|Month) +
68.9
(1|Site)
Depth * pH + Turbidity +
66.2
(1|Month) + (1|Site)
Depth * pH + Salinity
63.9
+(1|Month) + (1|Site)
Depth * pH + BP +(1|Month) +
84.7
(1|Site)
Depth * pH + Day + (1|Month) +
55.1
(1|Site)
Depth * pH * Temp + (1|Month)
82.8
+ (1|Site)
Depth * pH * D.O. + (1|Month) +
93.0
(1|Site)
Depth * pH * Turbidity +
78.4
(1|Month) + (1|Site)
Depth * pH * Salinity
71.2
+(1|Month) + (1|Site)
Depth * pH * BP +(1|Month) +
81.1
(1|Site)
Depth * pH * Day + (1|Month) +
33.7
(1|Site)
Depth + pH * Temp + (1|Month)
86.0
+ (1|Site)
Depth + pH * D.O. + (1|Month) +
80.0
(1|Site)
Depth + pH * Turbidity +
74.7
(1|Month) + (1|Site)
Depth + pH * Salinity
70.0
+(1|Month) + (1|Site)
Depth + pH * BP +(1|Month) +
88.4
(1|Site)
Depth + pH * Day + (1|Month) +
52.2
(1|Site)
All Environmental Variables
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<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
1
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

M48

M49

M6
M20
M41
M48

Temp + Turbidity + Salinity + pH
919.6
+ Depth + BP + Day + (1|Month)
+ (1|Site)
Temp * Turbidity * Salinity * pH
919.6
* Depth * BP * Day + (1|Month)
+ (1|Site)
Best Fitting Models
Depth + (1|Month) + (1|Site)
56.1
Depth + pH + (1|Month) +
56.3
(1|Site)
Depth * pH * Day + (1|Month) +
33.7
(1|Site)
Temp + Turbidity + Salinity + pH
919.6
+ Depth + BP + Day + (1|Month)
+ (1|Site)
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0.5

0.5

<0.001
<0.001
1
<0.001

Table 9: Mixed effect models used to explain the number of detections for fish November. The best fitting model in each
group is bolded. The best fitting model overall is highlighted in yellow.

Model
M1
M2
M3
M4
M5
M6
M7
M8
M9
M10
M11
M12
M13
M14
M15
M16
M17
M18
M19

M5
M13
M17
M19

Fish November: Detections
One Environmental Variable
Model Variables
AIC Score
Temp + (1|Site)
321.3
D.O. + (1|Site)
347.0
Salinity + (1|Site)
346.6
pH + (1|Site)
346.3
Depth + (1|Site)
321.2
Two Environmental Variables
Depth + Temp + (1|Site)
260.8
Depth + D.O. + (1|Site)
291.8
Depth + Salinity + (1|Site)
249.5
Depth + pH + (1|Site)
293.7
Depth * Temp + (1|Site)
214.2
Depth * D.O. + (1|Site)
158.1
Depth * Salinity + (1|Site)
249.4
Depth * pH + (1|Site)
123.4
Three Environmental Variables
Depth + pH + Temp + (1|Site)
176.4
Depth + pH + D.O. + (1|Site)
147.2
Depth + pH + Salinity + (1|Site)
155.5
Depth * pH + D.O. + (1|Site)
98.0
Depth * pH + Salinity + (1|Site)
120.9
All Environmental Variables
Temp + Salinity + pH + Depth +
121.3
(1|Site)
Best Fitting Models
Depth + (1|Site)
321.2
Depth * pH + (1|Site)
123.4
Depth * pH + D.O. + (1|Site)
98.0
Temp + Salinity + pH + Depth +
121.3
(1|Site)
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Weight
0.48
<0.001
<0.001
<0.001
0.52
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
1
<0.001
<0.001
<0.001
1
<0.001
1

<0.001
<0.001
1
<0.001

Table 10: Mixed effect models used to explain residency time for fish November. The best fitting model in each group is
bolded. The best fitting model overall is highlighted in yellow.

Model
M1
M2
M3
M4
M5
M6
M7
M8
M9
M11
M12
M14
M15
M16
M17
M18
M19
M20

M5
M13
M17
M19

Fish November: Residency Time
One Environmental Variable
Model Variables
AIC Score
Temp + (1|Site)
-12.5
D.O. + (1|Site)
109.3
Salinity + (1|Site)
107.1
pH + (1|Site)
103.8
Depth + (1|Site)
102.9
Two Environmental Variables
Temp + Salinity + (1|Site)
-15.1
Temp + pH + (1|Site)
-14.7
Temp + Depth + (1|Site)
-17.5
Temp * Salinity + (1|Site)
-19.0
Temp * pH + (1|Site)
-25.3
Temp * Depth + (1|Site)
-27.0
Three Environmental Variables
Temp + Depth + Salinity +
-19.7
(1|Site)
Temp + Depth + pH + (1|Site)
-22.5
Temp * Depth + Salinity +
-27.4
(1|Site)
Temp * Depth + pH + (1|Site)
-30.1
Temp + Depth * Salinity +
-27.6
(1|Site)
Temp + Depth * pH + (1|Site)
-72.5
All Environmental Variables
Temp + Salinity + pH + Depth +
-25.1
(1|Site)
Best Fitting Models
Temp + (1|Site)
-12.5
Temp * Depth + (1|Site)
-27.0
Temp + Depth * pH + (1|Site)
-72.5
Temp + Salinity + pH + Depth +
-25.1
(1|Site)

103

Weight
1
<0.001
<0.001
<0.001
<0.001
0.0018
0.0014
0.0058
0.0123
0.2887
0.6901
<0.001
<0.001
<0.001
<0.001
<0.001
1
1

<0.001
<0.001
1
<0.001

REFERENCES
Abram, P. K., Boivin, G., Moiroux, J., Brodeur, J. 2017. Behavioural effects of temperature on
ectothermic animals: unifying thermal physiology and behavioural plasticity. Biol. Rev. 92: 18591876.
Adams, N.S., Rondorf, D.W., Evans S.D., and Kelly, J.E. 1998. Effects of surgically and gastrically
implanted radio transmitters on growth and feeding behavior of juvenile chinook salmon. Trans.
Am. Fish. Soc. 127: 128-136.
Adrian, F., Ehrhardt, C.M., Epstein, M., Hight, R., Lloyd, R., Lyon, J., and Whitmore, D. (2008). Merritt
Island National Wildlife Refuge comprehensive conservation plan. Retrieved from
https://www.fws.gov/uploadedFiles/MIWR_%20CCP.pdf
Alder, J. and Pauly, D. 2006. On the multiple uses of forage fish: from ecosystems to markets. Fisheries
Centre Research Reports 14(3): 1-120. Vancouver, B.C., CAN: The Fisheries Centre.
Andrews, K.S., Williams, G.D., and Levin, P.S. 2010. Seasonal and ontogenetic changes in movement
patterns of sixgill sharks. PLoS ONE, 5(9): e12549.
Bacheler N.M., Wong, R. A., and Buckel, J.A. 2005. Movements and mortality rates of striped mullet in
North Carolina. North American Journal of Fisheries Management, 25: 361-373.
Bakun, A., Babcock, E.A., Lluch-Cota, S.E., Santora, C. and Salvadeo, C.J. (2010) Issues of ecosystembased management of forage fisheries in “open” non-stationary ecosystems: the example of the
sardine fishery in the Gulf of California. Reviews in Fish Biology and Fisheries 20: 9–29.
Barbier, E.B., Hacker, S.D., Kennedy, C., Koch, E.W., Stier, A.C., and Silliman, B.R. 2011. The value of
estuarine and coastal ecosystem services. Ecological Monographs 81(2): 169-193.
Bayard, T. (2015, May). Why the littlest fish matter a whole lot. Retrieved from
https://ocean.si.edu/ocean-life/fish/why-littlest-fish-matter-whole-lot.
Benhamou, S. 2011. Dynamic approach to space and habitat use based on biased random bridges. PLoS
ONE, 6(1): e14592.
Bester, C. (2014). Striped mullet: Mugil cephalus. Retrieved from
https://www.floridamuseum.ufl.edu/fish/discover/species-profiles/mugilcephalus/.
Bentley, K.T., Schindler, D.E., Cline, T.J., Armstrong, J.B., Macias, D., Ciepiela, L.R., Hilborn, R. 2014.
Predator avoidance during reproduction: diel movements by spawning sockeye salmon between
stream and lake habitats. Journal of Animal Ecology 83(6): 1478-1489.
Binder, T.R., Cooke, S.J., and Hinch, S.G., (2011). The biology of fish migration. In Encyclopedia of fish
104

physiology: from genome to environment (Physiological specializations of different fish groups).

Blaber, S.J.M., Cyrus, D.P., Albaret, J. -J., Ving Ching, C., Day, J.W., Elliot, M., Fonseca, M.S., Hoss,
D.E., Orensanz, J., Potter, I.C., and Silvert, W. 2000. Effects of fishing on the structure and
functioning of estuarine and nearshore ecosystems. ICES Journal of Marine Science 57: 590-602.
Boëtius, J. 1967. Experimental indication of lunar activity in European silver eels, Anguilla anguilla (L.).
Medd. Danm. Fisk. Havunders (Ny Ser). 6: 1-6.
Bowlin, M.S., Bisson, I., Shamoun-Baranes, J., Reichard, J.D., Sapir, N., Marra, P. P., Kunz, T. H.,
Wilcove, D.S., Hedenstrom, A. Guglielmo, C.G., Akesson, S., Ramenofsky, M., and Wikelski, M.
2010. Grand challenges in migration biology. Integrative and Comparative Biology 50(3): 261279.
Breitburg, D., Levin, L. A., Ochiles, M., Gregoire, F., and Chavex et al., 2018. Declining oxygen in the
global ocean and coastal waters. Science 359: 6371.
Britten, G. L., Dowd, M., and Worm, B. 2016. Changing recruitment capacity in global fish stocks. PNAS
113(1): 134-139.
Brown, R.S., Eppard, M.B., Murchie, K.J., Nielsen, J.L. and Cooke, S.J. 2011. An introduction to the
practical and ethical perspectives on the need to advance and standardize the intracoelomic
surgical implantation of electronic tags in fish. Reviews in Fish Biology and Fisheries 21(1): 1-9.
Buechley, E.R., McGrady, M.J., Coban, E., and Sekercioglu, C.H. 2018. Satellite tracking a wide-ranging
endangered vulture species to target conservation actions in the Middle East and East Africa.
Biodiversity and Conservation 27(9): 2293-2310.
Butts, C. (2015). _network: Classes for Relational Data_. The Statnet Project: http://statnet.org. R
package version 1.13.0.1. http://CRAN.R-project.org/package=network.
Butts, C. (2016). sna: Tools for Social Network Analysis. R package version 2.4. https://CRAN.Rproject.org/package=sna.
Cagua, F. (2015). pacter: Analysis of (underwater) passive acoustic telemetry data. R package version
0.01.
Calenge, C. 2006. The package adehabitat for the R software: a tool for the analysis of space and
habitat use by animals. Ecological Modelling, 197: 516-519.
Campbell, H.A., Watts, M.E., Dwyer, R.G., Franklin, C.E. 2012. V-Track: software for analysing and
visualising animal movement from acoustic telemetry detections. Marine and Freshwater
Research 63:815-820.
Chapman, B., Bronmark, C., Nilsson, J., and Hansson, L. 2012. The ecology and evolution of partial
105

migration. Oikos 120(12): 1764-1775.
Codling, E.A., Plank, M. J., and Benhamou, S. 2008. Random walk models in biology. J. R. Soc. Interface
5(25): 813-834.
Cooke, S.J., Crossin, G.T., and Hinch, S.G. (2011). Pacific Salmon Migration: Completing the Cycle. In:
Farrell, A.P. (ed.), Encyclopedia of Fish Physiology: From Genome to Environment, Vol. 3, pp
1945-1952. San Diego: Academic Press.
Cooper, J.A.G. (2009). Anthropogenic impacts on estuaries. In Coastal zones and estuaries: encyclopedia
of life support systems (pp. 454-470). Eds: F. I. Isla and O. Iribarne. Eolss Publishers: Oxford, UK.
Cote, D., Scruton, D. A., Niezgoda, G.H., McKinley, R. S., Rowsell, D.F., Lindstrom, R.T., Ollerhead, L.M.N.,
and Whitt, C.J. 1998. A coded acoustic telemetry system for high precision monitoring of fish
location and movement: application to the study of nearshore nursery habitat of juvenile Atlantic
cod (Gadus morhua). Marine Technology Society Journal 32: 54-61.
Cote, D., Scruton, D.A., Cole, L., McKinley, R.S. 1999. Swimming performance and growth rates of
juvenile Atlantic cod intraperitoneally implanted with dummy acoustic transmitters. N. Am. J.
Fish. Manage. 19: 1137-1141.
Craig, G.R., and Baksi, W.F. 1977. Effects of depressed pH on flagfish reproduction, growth, and survival.
Wat. Res. 11: 621-626.
Crossin, G. T.. Heupel, M. R., Holbrook, C. M., Hussey, N. E., Barbieri-Lowerre, S. K., Nguyen, V. M., Raby,
G. D., and Cooke, S. J. 2017. Acoustic telemetry and fisheries management. Ecological
Applications 0(0): 1-19.
Csardi G, and Nepusz T. 2006.The igraph software package for complex network research. InterJournal,
Complex Systems 1695. http://igraph.org.
Das, P.C., Ayyappan, S., and Jena, J. 2006 Haematological changes in the three Indian major carps Catla
catla (Hamilton), Labeo rohita (Hamilton), and Cirrhinus mrigala (Hamilton), exposed to acidic
and alkaline water pH. Aquaculture 235: 633-644.
Davidsen, J.G. 2010. Effects of environmental factors on migratory behaviour of northern Atlantic salmon
(Doctoral dissertation). Retrieved from https://www.researchgate.net/publication/44097717_
Effects_of_environmental_factors_on_migratory_behaviour_of_northern_Atlantic_salmon.
Davies, P.E., and Sloane, R.D. 1987 Characteristics of the spawning migrations of brown trout, Salmo
trutta L., and rainbow trout, S. gairdneri Richardson, in Great Lake, Tasmania. Journal of Fish
Biology 31(3): 353-373.
Davis, K., Carlson, P.M., Lowe, C.G., and Warner, R. R. 2017. Parrotfish movement patterns vary with
spatiotemporal scale. Marine Ecology Progress Series 577: 149-164.
106

Day, J.H. 1980. What is an estuary? S. Afr. J. Sci. 76: 198.
Dedual, M. and Jowett, I.G. 1999. Movement of rainbow trout (Oncorhynchus mykiss) during the
spawning migration in the Tongariro River, New Zealand. New Zealand Journal of Marine and
Freshwater Research 33(1): 107-117.
Dindo, J., MacGregor, R., and Crozier, G. 1978. Analysis of reproductive hormones and plasma liquid
levels associated with the migration of the striped mullet, Mugil cephalus, Linneaus. MississippiAlabama Sea Grant Consortium, Ocean Springs, Mississippi. MASGP-79-007. 19 pp.
Ditty, J. G.; Shaw, R. F. 1996. Spatial and temporal distribution of larval striped mullet (Mugil cephalus)
and white mullet (M. curema, family: Mugilidae) in the northern Gulf of Mexico, with notes on
mountain mullet, Agonostomus monticola. Bull Mar Sci. 59: 271-288.
Donaldson, M.R., Hinch, S.G., Suski, C.D., Fisk, A.T., Heupel, M.R., and Cooke, S.J. 2014. Making
connections in aquatic ecosystems with acoustic telemetry monitoring. Front. Ecol. Environ.
12(10): 565-573.
East Central Florida Regional Planning Council. (2016). Indian River Lagoon economic valuation update
appendices. Retrieved from http://www.tcrpc.org/special_projects/IRL_Econ_Valu/
IRLEconomicValuationUpdateAppendix%2008_26_2016.pdf.
Edel, R. K. 1976. Activity rhythms of maturing American eels (Anguilla rostrata). Mar. Biol. 36: 283-289.
Eidous, O.M., Marie, M. A. A. S., Ebrahem, M. H. B. A. 2010. A comparative study for bandwidth
selection in kernel density estimation. Journal of Modern Applied Statistical Methods 9(1): 263273.
Enticknap, B., Blacow, A., Shester, G., Sheard, W., Warrenchuk, J., LeVine, M., and Murray. (2011).
Marine forage species management off the U.S. west coast. Washington, DC: Oceana.
Eriksson, L.-O., H. Lundqvist, E. Brännäs and T. Eriksson. 1982. Annual periodicity of activity and
migration in the Baltic salmon, Salmo salar L. p. 415-430. In Coastal research of the Gulf of
Bothnia. Ed.: K. Müller. Dr. W. Junk Publ. The Hague, Netherland.
Espinoza, M., Farrguia, T. J., Webber, D. M., Smith, F. and Lowe, C. 2011. Testing a new acoustic
telemetry technique to quantify long-term, fine scale movements of aquatic animals. Fisheries
Research 108: 364-371.
Essington, T. E., Moriarty, P. E., Froehlich, H. E., Hodgson, E. E., Koehn, L. E., Oken, K. L., Siple, M. C., and
Stawitz, C. C. 2015. PNAS 112(21): 6649-6652.
Evans, W. A. and Johnston, B. (1980). Fish migration and fish passage: A practical guide to solving fish
passage problems. Washington, DC: Forest Service – U.S.D.A.
107

Farmer, N. A, Ault, J. S., Smith, S. G., & Franklin, E. C. (2013). Methods for assessment of short-term coral
reef fish movements within an acoustic array. Movement Ecology 1(1): 7.
FAO. 2018. The State of World Fisheries and Aquaculture 2018 - Meeting the sustainable
development goals. Rome. Licence: CC BY-NC-SA 3.0 IGO.
Farrell, A. P. 2009. Environment, antecedents and climate change: lessons from the study of
temperature physiology and river migration of salmonids. The Journal of Experimental Biology
212: 3771-3780.
Ferreira, L.C., Mansfield, K.L., Thums, M., and Meekan, M.G. (2019). Satellite tracking technologies and
their application to shark movement ecology. In J. C. Carrier, M. R. Heithaus, and C. A.
Simpfendorfer (Eds.), Shark research: emerging technologies and applications for the field and
laboratory. Boca Raton, FL: Taylor and Francis Group.
Florida Fish and Wildlife Conservation Commission. (2016). Acoustic telemetry research. Retrieved from
http://myfwc.com/research/saltwater/telemetry/.
Florida Fish and Wildlife Conservation Commission - Fish and Wildlife Research Institute. 2015. FisheriesIndependent Monitoring Program 2015 Annual Data Summary Report. Florida Marine Research
Institute. St. Petersburg, FL.
Fogarty, M.J. and Botsford, L.W. 2007. Population connectivity and spatial management of marine
fisheries. Oceanography 20(3): 112:123.
Forsythe, P.S. Scribner, K. T. Crossman, J.A., Ragavendran, A., Davis, C., Baker, E. A., and Smith, K. K.
2012. Environmental and lunar cues are predictive of timing of river entry and spawning site
arrival in lake sturgeon. Journal of Fish Biology 81: 35-53.
Fortunato, R. C., Galan, A. R., Alonso, I. G., Volpedo, A., and Dura, V. B. 2017. Environmental migratory
patterns and stock identification of Mugil cephalus in the Spanish Mediterranean Sea, by means
of otolith microchemistry.
Fowler, A. M., Smith, S. M., Booth, D., J., and Stewart, J. 2016. Partial migration of grey mullet (Mugil
cephalus) on Australia’s east coast revealed by otolith chemistry. Marine Environmental
Research 119: 238-244.
Fried, S. M., J. D. McCleave and G. W. LaBar. 1978. Seaward migration of hatchery-reared Atlantic
salmon, Salmo salar, smolts in the Penobscot River estuary, Maine: riverine movements. J. Fish.
Res. Board Can. 35: 76-87.
Fruchterman, T.M. J., and Reingold, E.M. 1991. Graph drawing by force-directed placement. SoftwarePractice and Experience 21(11): 1129-1164.

108

Gandolfi, G., Pesaro, M., and Tongiorgi, P. 1984. Environmental factors affecting the ascent of elvers
Anguilla anguilla (L,) into the Arno River. Oebalia 10: 17-35.
Garrity, L. (2003, January). Join the migration in the Serengeti. Retrieved from
https://www.smithsonianmag.com/travel/join-the-migration-in-the-serengeti-11474629/.
Ghasemi, M., Seidkhani, H., Tamimi, F., Rahgozar, M., and Masoudi-Nejad, A. 2014. Centrality measures
in biological networks. Current Bioinformatics 9(4): 1-17.
Gilmore, R. G. 1995. Environmental and biogeographic factors influencing iethyofaunal diversity: Indian
River Lagoon. Bulletin of Marine Science 57:153–170.
Gilmore, G. R., Donohoe, C. J., Cooke, D. W, and Herrema, D. J. 1981. Fishes of the Indian River Lagoon
and adjacent waters, Florida. Fort Pierce, FL: Harbor Branch Foundation.
Goldfarb, B. (2017). Feeling the heat: how fish are migrating from warming waters. Retrieved from
https://e360.yale.edu/features/feeling-the-heat-warming-oceans-drive-fish-into-cooler-waters.
Goodyear, C. P. (1980). Compensation in fish populations. In Biological Monitoring of Fish, pp 253-280.
Eds: C.H. Hocum and J.R. Stauffer Jr. Lexington Books: Lexington, MA.
Greeley, M.S., Calder, D.R., and Wallace, R.A. 1987. Oocyte growth and development in the striped
mullet, Mugil cephalus, during seasonal ovarian recrudescence: relationship to fecundity and
size at maturity. Fish. Bull. 85: 187-200.
Gross, M. R. 1987. Evolution of diadromy in fishes. Amer. Fish. Soc. Symp. 1: 14-25.
Gross, M.R., Coleman, R.M., and McDowall, R.M. 1988. Aquatic productivity and the evolution of
diadromous fish migration. Science 239(4845): 1291-1293.
Grubbs, R.D. and R.T. Kraus. 2010. Migrations in Fishes. Encyclopedia of Animal Behavior. Breed,
M. D. & Moore, J. eds, Academic Press, Oxford. Vol 1: 715-724.
Gulf States Marine Fisheries Commission. (1995). The striped mullet fishery of the Gulf of Mexico, United
States: a regional management plan. Ocean Springs, MS: Gulf States Marine Fisheries
Commission.
Halfyard, E. A., Webber, D., Del Papa, J., Leadley, T., Kessel, S. T., Colborne, S. F., and Fisk, A. T. 2017.
Evaluation of an acoustic telemetry transmitter designed to identify predation events. Methods
in Ecology and Evolution 8: 1063-1071.
Hall, C. J., Jordaan, A., and Frisk, M. G. 2012. Centuries of anadromous forage fish loss: consequences for
ecosystem connectivity and productivity. BioScience 62(8): 723-731.
Halpern, B. S., Walbridge, S. Selkoe, K.A., Kappel, C.V., Micheli, F., D’Agrosa, C, Bruno, J.F., Casey, K.S.,
Ebert, C., Fox, H.E., Fujita, R., Heinemann, D, Lenihan, H.S., Madin, E.M.P, Perry, M.T., Selig, E.R.,
109

Spalding, M., Steneck, R., and Watson R. 2008. A global map of human impacts on marine
ecosystems. Science 319(5865): 948–952.
Harmon, J. P., and Barton, B. T. 2013. ON their best behavior: how animal behavior can help determine
the combined effects of species interactions and climate change. Ann. N.Y. Acad. Sci. 1297: 139147.
Harpster, D. (2018, July). ‘Absolutely terrible’: Florida mullet fishery hit by red tide after market
comeback. Retrieved from https://www.nationalfisherman.com/gulf-south-atlantic/absolutelyterrible-florida-mullet-fishery-hit-by-red-tide-after-market-comeback/
Havn, T.B., Okland, F., Teichert, M.A.K., Heermann, L., Borcherding, J., Sæther, S.A., Tambets, M.,
Diserud, O.H., and Thorstad, E.B. 2017. Movements of dead fish in rivers. Animal Biotelemetry 5
:7.
Hays, G.C., Ferreira, L.C., Sequeira, A.M.M., Meekan, M.G., Duarte, C.M., Bailey, H., Bailleul, F., Bowen,
W.D., Caley, M.J., Costa, D.P., Eguílez, V.M., Fossette, S., Friedlaender, A.S., Gales, N., Gleiss,
A.C., Gunn, J., Harcourt, R., Hazen, E.L., Heithaus, M.R., Heupel, M., Holland, K., Horning, M.,
Jonsen, I., Kooyman, G.L., Lowe, C.G., Madsen, P.T., Marsh, H., Phillips, R.A., Righton, D., RopertCoudert, Y., Sato, K., Shaffer, S.A., Simpfendorfer, C.A., Sims, D.W., Skomal, G., Takahashi, A.,
Trathan, P.N., Wikelski, M., Womble, J.N., Thums, M. 2016. Key questions in marine megafauna
movement ecology. Trends. Ecol. Evol. 31: 463–475.
Heape, W. (1931). Emigration, Migration, and Nomadism. W. Heffer: Cambridge.
Henderson, M.J., Fabrizio, M.C., and Lucy, J.A. 2014. Movement patterns of summer flounder near an
artificial reef: effects of fish size and environmental cues. Fisheries Research 153: 1-8.
Heuer, R.M. and Grosell, M. 2014. Physiological impacts of elevated carbon dioxide and ocean
acidification on fish. Am. J. Physiol. Regul. Integr. Comp. Physiol. 307: R1061:R1084.
Heuer, R.M. and Grosell, M. 2016. Elevated CO2 increases energetic cost and ion movement in the
marine fish intestine. Scientific Reports 6: 1-8.
Heupel M.R., Hueter R.E. (2001). Use of an Automated Acoustic Telemetry System to Passively Track
Juvenile Blacktip Shark Movements. In: Sibert J.R. and Nielsen J.L. (eds.). Electronic Tagging
and Tracking in Marine Fisheries. Reviews: Methods and Technologies in Fish Biology and
Fisheries, vol 1. Springer, Dordrecht.
Heupel, M.R., Semmens, J.M., and Hobday, A.J. 2006. Automated acoustic tracking of aquatic animals:
scales, design, and deployment of listening station arrays. Mar. Freshw. Res. 57: 1-13.
Heupel, M.R., Simpfendorfer, C. A., and Hueter, R.E. 2003. Running before the storm: blacktip sharks
respond to falling barometric pressure associated with Tropical Storm Gabrielle. Journal of Fish
Biology 63: 1357-1363.

110

Hinch, S.G., Cooke, S.J., Healey, M.C., Farrell, A.P. (2006). Behavioral Physiology of Fish Migrations:
Salmon as a Model Approach. In: Sloman, K.A., Wilson, R.W., and Balshine, S. (eds.), Fish
Physiology: Behavior and Physiology of Fish, Vol. 24, pp 239-296. New York: Elsevier Press.
Hjort, J. , Fluctuations in the great fisheries of northern Europe viewed in the light of biological research.
RP , 1914, vol. XX Copenhagen.
Hockersmith, E.E. and Beeman, J.W. (2012). A History of Telemetry in Fishery Research. In: Adams, N.S.,
Beeman, J.W., and Eiler, J.H. (eds.), Telemetry Techniques – A User Guide for Fisheries Research.
Bethesda, Maryland: American Fisheries Society.
Holbrook, C., Hayden, T., and Binder, T. (2018). glatos: A package for the Great Lakes Acoustic Telemetry
Observation System. R package version 0.2.3. https://gitlab.oceantrack.org/GreatLakes/glatos.
Hondorp, D.W., Holbrook, C.M., and Krueger, C. 2015. Effects of acoustic tag implantation on lake
sturgeon Acipenser fulvescens: lack of evidence for changes in behavior. Animal Biotelemetry
3(44).
Horne, J.S., Garton, E.O., Krone, S.M., and Lewis, J.S. 2007. Analyzing animal movements using Brownian
bridges. Ecology 88: 2354-2363.
Hvidsten, N. A. 1985. Ascent of elvers (Anguilla anguilla L.) in the stream Imsa, Norway. Rep. Inst.
Freshw. Res., Drottningholm 62: 71-74.
Ibanez, A. L. and Benitez, O. G. 2004. Climate variables and spawning migrations of the striped mullet
and white mullet in the north-western area of the Gulf of Mexico. Journal of Fish Biology 65:
822-831.
Inman, M. (2010, January 12). World’s longest migration found— 2 times longer than thought. Retrieved
from https://news.nationalgeographic.com/news/2010/01/100111-worlds-longest-migrationarctic-tern-bird/.
Jacoby, D. M. P., Brooks, E.J., Croft, D.P., and Sims, D.W. 2012. Developing a deeper understanding of
animal movements and spatial dynamics through novel applications of network analyses.
Methods in Ecol. and Evol. 3(3): 574-583.
Jantos, J. (2014, September 10). 10 Australian keystone endangered species. Retrieved from
https://www.australiangeographic.com.au/topics/wildlife/2014/09/australias-keystoneendangered-species/#.
Jepsen, N. and Berg, S. 2002. The use of winter refuges by roach tagged with miniature radio
transmitters. Hydrobiologia 483: 167-173.
Jepsen, N., Koed, A., Thorstad, E.B., and Baras, E. 2002. Surgical implantation of telemetry transmitters
in fish: how much have we learned? Hydrobiologia 483: 239-248.

111

Jones, K.A., Hara, T.J., and Scherer, E. 1985. Locomotor response by Arctic char (Salvelinus alpinus) to
gradients of H+ and CO21. Physiological Zoology 58(4): 413-420.
Jones, N.E., and Petreman, I.C. 2015. Environmental influences on fish migration in a hydropeaking river.
River Res. Applic. 31: 1109-1118.
Jonsson, N. 1991. Influence of water flow, water temperature, and light on fish migration in rivers.
Nordic Journal of Freshwater Research. 66: 20-35.
Jordan, D. R., and J. S. Wortley. 1985. Sampling strategy related to fish distribution, with particular
reference to the Norfolk Broads. Journal of Fish Biology 27 (Suppl A): 163-173.
Jorgensen, C., Ernande, B., Fiksen, O., and Dieckmann, U. 2006. The logic of skipped spawning in fish.
Canadian Journal of Fisheries and Aquatic Sciences 63(1): 200-211.
Kac, M. 1947. Random walk and the theory of Brownian motion. The American Mathematical Monthly
54(7): 369-391.
Kelley, C.D. 1990. Effects of photoperiod and temperature on ovarian maturation in the striped mullet,
Mugil cephalus. Pacific Sci. 44(2): 187-188.
Kelley, C.D., Tamaru, C.S., Lee, C.S., Moriwake, A., and Miyamoto, G., 1991. Effects of photoperiod and
temperature on the annual ovarian cycle of the striped mullet, Mugil cephalus. In Proceedings of
the fourth international symposium on the reproductive physiology of fish. (A. P. Scott, J.P.
Sumpter, D.E. Kime, and M.S. Rolfe, eds.); Univ East Anglia, Norwich, United Kingdom, 7-12 July
1991, p. 142-144.
Kessel, S.T., Cooke, S.J., Heupel, M.R., Hussey, N.E., Simpfendorfer, C.A., Vagle, S., and Fisk, A.T. 2014. A
review of detection range testing in aquatic passive acoustic telemetry studies. Reviews in Fish
Biology and Fisheries 24(1): 199-218.
Kieffer, J.D., Alsop, D., and Wood, C.M. 1998. A respirometric analysis of fuel use during aerobic
swimming at different temperatures in rainbow trout (Oncorhynchus mykiss). Journal of
Experimental Biology 201: 3123-3133.
Killer, E. (2012, September 21). Mullet mania: annual mullet migration triggers feeding frenzy by a
variety of fish. TCPalm. Retrieved from http://archive.tcpalm.com/news/mullet-mania-annualmullet-migration-triggers-feeding-frenzy-by-variety-of-fish-ep-381964939-342989422.html/.
Kitts-Morgan, S., Caires, K.C., Bohannon, L.A., Parsons, E., and Hilburn, K.A. 2015. Free-ranging farm cats:
home range size and predation on a livestock unit in northwest Georgia. PLoS ONE 10(3): 1-14.
Kramer, D.L. 1983. The evolutionary ecology of respiratory mode in fishes; an analysis based on the cost
of breathing. Env. Biol. Fish. 9: 145-158.

112

Kramer, D. L. 1987. Dissolved oxygen and fish behavior. Env. Biol. Fish. 18(2): 81-92.
Kranstauber, B., Kays, R., LaPoint, S.D., Wikelski, M., and Safi, K. 2012. A dynamic Brownian bridge
movement model to estimate utilization distributions for heterogenous animal movement.
Journal of Animal Ecology 81(4): 738-746.
Kraus, R. T., Holbrook, C. M., Vandergoot, C. S., Stewart, T. R., Faust, M. D., Watkinson, D. A., Charles, C.,
Pegg, M., Enders, E. C., and Krueger, C. C. 2018. Evaluation of acoustic telemetry grids for
determining aquatic animal movement and survival. Methods in Ecology and Evolution 9: 14891502.
Krueger, C. C., Holbrook, C.M., Binder, T.R, Vandergoot, C.S., Hayden, T.A., Hondorp, D.W., Nate, N.,
Paige, K., Riley, S.C., Fisk, A.T., Cooke, S.J. 2018. Acoustic telemetry observation systems:
challenges encountered and overcome in the Laurentian Great Lakes. Canadian Journal of
Fisheries and Aquatic Sciences 75(10): 1755-1763.
Kuo, C. M., Nash, C.E., and Shehadeh, Z. H. 1974. The effects of temperature and photoperiod on
ovarian development in captive grey mullet (Mugil cephalus L.). Aquaculture 3: 25-43.
Lacroix, G.L. and Voegeli, F.A. (2000). Development of automated monitoring systems for ultrasonic
transmitters. In A. Moore and I. Russell. (Eds.), Advances in Fish Telemetry (pp. 37-50). Suffolk:
CEFAS.
Larinier, M. (2001). Environmental issues, dams, and fish migration. In G. Marmulla (ed), Dams, fish,
fisheries: opportunities, challenges, and conflict resolution (pp 45-90). FAO Fisheries Technical
Paper 419. Rome: FAO.
Larson, V. L. 1995. Fragmentation of the land-water margin within the northern and central Indian River
Lagoon watershed. Bulletin of Marine Science 57(1): 267-277.
Leard, R. Mahmoudi, B., Blanchet, H., Lazauski, H., Spiller, K., Buchanan, M., Dyer, C. and Keithly, W.
(1995). The striped mullet fishery of the Gulf of Mexico, United States: A regional management
plan. Ocean Springs, MS: Gulf States Marine Fisheries Commission.
Lee, J.S.F., Tezak, E.P., and Berejikian, B.A. 2013. Telemetry tag effects on juvenile lingcod Ophiodon
elongatus movement: a laboratory and field study. Journal of Fish Biology 82: 1848-1857.
Leggett, W. C. 1977. The ecology of fish migrations. Ann. Rev. Ecol. Syst. 8: 285-308.
Lenanton, R.C.J., and Potter, I.C. 1987. Contribution of estuaries to commercial fisheries in Western
Australia and the concept of estuarine dependence. Estuaries 10: 28-35.
Lerman, K., Ghosh, R., Kang, J. H. (2010, July). Centrality metric for dynamic networks. Paper presented
at Proceedings of the Eighth Workshop on Mining and Learning with Graphs. DOI:
10.1145/1830252.1830262

113

Lindley, S., Grimes, C. B., Mohr, M. S., Peterson, W., Stein, J., Anderson, J., Botsford, L., 608 Bottom, D.,
Busack, C., Collier, T., Ferguson, J., Garza, J., Grover, A., Hankin, D. G., 609 Kope, R., Lawson, P.,
Low, A., MacFarlane, R., Moore, K., Palmer-Zwahlen, M., 610 Schwing, F., Smith, J., Tracy, C.,
Webb, R., Wells, B. and Williams, T. 2009. What 611 caused the Sacramento River fall Chinook
stock collapse? NOAA Tech. Memo. NOAA612 TM-NMFS-SWFSC-447.
Lohmann, K.J. (September 10, 2018). Animal migration research takes wing. Current Biology 28, R952R1008.
Lucas, M. C., Baras, E., Thom, T. J., Duncan, A. and Slavik, O.(2001). Migration of freshwater fishes.
Oxford, U.K.: Blackwell Science Ltd.
MacLean, J. A. and J. H. Gee. 1971. Effects of temperature on movements of prespawning brook
sticklebacks, Culaea inconstans, in the Roseau River, Manitoba. J. Fish. Res. Board Can. 28: 919923.
Maes, J., Stevens, M., and Breine, J. 2007. Modelling the migration opportunities of diadromous fish
species along a gradient of dissolved oxygen in a European tidal watershed. Estuarine, Coastal,
and Shelf Science 75(2): 151-162.
Mahmoudi B. 2000. Status and trends in the Florida mullet fishery and an updated stock assessment.
Florida Wildlife Research Institute. Florida Fish and Wildlife Conservation Commission 5827.
Mahmoudi, B. 2014. The 2014 stock assessment update for striped mullet, Mugil cephalus, in Florida.
Florida Wildlife Research Institute.
Magnuson, J.J., Crowder, L.B., and Medvick, P.A. 1979. Temperature as an ecological resource. American
Zoologist: 19: 331-343.
Mason, J. C. 1975. Seaward movement of juvenile fishes, including lunar periodicity in the movement of
coho salmon (Oncorbyncbus kisutch) fry. J. Fish. Res. Board Can. 32: 2542-2547.
Mathies, N. H., Ogburn, M. B., McFall, G., and Fangman, S. 2014. Environmental interference factors
affecting detection range in acoustic telemetry studies using fixed receiver arrays. Marine
Ecology Progress Series 495: 247-38.
Matthiessen, G. G. (2016). Forage fish and the industrial fisheries. Ipswich, MA: Quebec-Labrador
Foundation.
McDonough, C. 2003. Fecundity and spawning season of striped mullet (Mugil cephalus L.) in South
Carolina estuaries. Fishery Bulletin- National Oceanic and Atmospheric Administration 101(4):
822-834.
McDonough, C. (2006). Striped mullet: Mugil cephalus. Retrieved from
http://www.dnr.sc.gov/cwcs/pdf/Stripedmullet.pdf.

114

Milner-Gulland, E.J., Fryxell, J.M., and Sinclair, A. R. E. (Eds.) (2011). Animal migration: a synthesis. New
York: Oxford University Press.
Milton, D. A., Chenery, S. R. 2005. Movement patterns of barramundi Lates calcarifer, inferred from
87
Sr/86Sr and Sr/Ca ratios in otoliths, indicate non-participation in spawning. Mar. Ecol. Prog. Ser.
301: 279−291.
Moore, T. T. 2011. Climate change and animal migration. Environmental Law 41: 393-405.
Munday, P.L., McCormick, M.I. and Nilsson, G.E. 2012. Impact of global warming and rising CO2 levels on
coral reef fishes: what hope for the future? J. Exp. Biol. 215: 3865-3873.
Munoz, C. R. (2018, December). Red tide kills a generation of mullet in Manatee County park. Retrieved
from https://www.heraldtribune.com/news/20181206/red-tide-kills-generation-of-mullet-inmanatee-county-park
Myers, C. (2013, February 6). The Indian River Lagoon: Florida’s fishing trifecta. Sport Fishing. Retrieved
from https://www.sportfishingmag.com/travel/indian-river-lagoon-florida-s-fishing-trifecta.
Myers, G.S. 1949. Usage of anadromous, catadromous, and allied terms for migratory fishes. Copeia
1949(2): 89-97.
Nakagawa, S., Schielzeth, H. (2013) A general and simple method for obtaining R² from Generalized
Linear Mixed-effects Models. Methods in Ecology and Evolution 4: 133–142.
Nielson, R. M., H. Sawyer and T. L. McDonald. (2013). BBMM: Brownian bridge movement model. R
package version 3.0. https://CRAN.R-project.org/package=BBMM.

North Carolina Department of Environmental Quality. (2018). Striped Mullet, Mugil cephalus. Retrieved
from http://portal.ncdenr.org/web/mf/striped-mullet.
Northcote, T. G. 1984. Mechanisms of fish migration in rivers. In Mechanisms of Migration on Fishes, p.
317-355. Eds.: J. D. McCleave, G. P. Arnold, J. J. Dodson and W. H. Neill. Plenum Publishing
Corporation: New York.
Osborn, N. 2012. Oranges and inlets: an environmental history of Florida’s Indian River Lagoon.
(Master’s thesis). Retrieved from https://search.proquest.com/docview/1113377756?pqorigsite=gscholar.
Paukert, C.P., Willis, D.W., and Bouchard, M.A. 2004. Movement, home range, and site fidelity of
bluegills in a Great Plains lake. North American Journal of Fisheries Management 24: 154-161.
Peterson, C.H. 1976. Cruising speed during migration of the striped mullet (Mugil cephalus L.): An
evolutionary response to predation? Evolution 30(2): 393-396.
115

Pikitch, E.K., Rountos, K.J., Essington, T.E., Santora, C., Pauly, D., Watson, R., Sumaila, U.R., Boersma,
P.D., Boyd, I.L., Conover, D.O., Cury, P., Heppell, S.S., Houde, E.D., Mangel, M., Plagányi, É.,
Sainsbury, K., Steneck, R.S., Geers, T.M., Gownaris, N. & Munch, S.B. 2014. The global
contribution of forage fish to marine fisheries and ecosystems. Fish and Fisheries 15(1): 43-64.
Pincock, D.G. (2012). False detections: what they are and how to remove them from detection data.
Retrieved from https://www.vemco.com/pdf/false_detections.pdf.
Pincock, D.G., and Johnston S.V. (2012). Acoustic telemetry overview. In N.S. Adams, J.W. Beeman, and
J.H. Eiler (Eds.), Telemetry techniques: a user guide for fisheries research (pp 305-337). American
Fisheries Society: Bethesda, MD.
Portner, H.O. and Farrell, A.P. 2008. Physiology and climate change. Science 322: 690-692.
Portner, H.O., Langenbuch, M. and Reipschlager, A. 2004. Biological impact of elevated ocean CO2
concentrations: Lessons from animal physiology and earth history. J. Oceanogr. 60:705-718.
Ramenofsky, M. and Wingfield, J.C. 2007. Regulation of migration. BioScience 57(2): 135-143.
Rayfield, B. Fortin, M.J., and Fall, A. 2011. Connectivity for conservation: a framework to classify network
measures. Ecology 92(4): 847-858.
Reyier, E., Scheidt, D., Lowers, R., and Adams, D. 2011. Movement patterns of adult red drum, Sciaenops
ocellatus, in shallow Florida lagoons as inferred through autonomous acoustic telemetry.
Environmental Biology of Fishes 90(4): 343-360.
Reist, J. D., Wrona, F. J., Prowse, T. D., Power, M., Dempson, J. B., Beamish, R. J., King, J. R., Carmichael,
T. J., and Sawatzky, C. 2006. General effects of climate change on arctic fishes and fish
populations. AMBIO: A J. of the Human Environment 35(7): 370-380.
Rideout R.M. and Tomkiewicz, J. 2011. Skipped spawning in fishes: more common than you might think.
Marine and Coastal Fisheries 3(1): 176-189.
Robillard, M.M.R., Payne, L.M., Vega, R.R., and Stunz, G.W. 2015. Best practices for surgically implanting
acoustic transmitters in spotted seatrout. Transactions of the American Fisheries Society 144(1):
81-88.
Rodnick, K.J., Gamperl, A.K., Lizars, K.R., Bennett, M.T., Rausch, R.N. and Keeley, E.R. 2004. Thermal
tolerance and metabolic physiology among redband trout populations in southeastern Oregon.
Journal of Fish Biology 64: 310-335.
Ruby, G.M., Aczel, J. and Craig, C.R. 1977. Effects of depressed pH on oogenesis in flagfish (Jordanella
floridae). Wat. Res. 11: 757-762.
Russell, M.W., Sadovy de Mitcheson, Y., Erisman, B.E., Hamilton, R.J., Luckhurst, B.E. and Nemeth, R.S.
116

(2014). Status Report – World’s Fish Aggregations 2014. Science and Conservation of Fish
Aggregations, California USA. International Coral Reef Initiative.
Rutger, H. (2018, April 24). Mote study aims to add value to the southwest Florida mullet fishery.
Retrieved from https://mote.org/news/article/mote-study-aims-to-add-value-to-southwestflorida-mullet-fishery-study-begi.
Sackett, D. K., Able, K. W., and Grothues, T. M. Habitat dynamics of summer flounder Paralichthys
Dentatus within a shallow USA estuary, based on multiple approaches using acoustic telemetry.
Mar. Ecol. Prog. Ser. 364: 199-212.
Sadovy de Mitcheson, Y. 2016. Mainstreaming fish spawning aggregations into fishery management calls
for a precautionary approach. BioScience 66(4): 295-306.
Sadovy de Mitcheson, Y. and Erisman, B. (2011). Fishery and biological implications of fishing spawning
aggregations and the social and economic importance of aggregating fishes. In Reef Fish
Spawning Aggregations: Biology Research and Management, Eds: Y.J. Sadovy, P.L. Colin, 225284. Springer: Dordrecht, The Netherlands.
Salancik, G. R. 1995. Wanted: a good network theory of organization. Administrative Science Quarterly
40: 345-349.
Shaw, A. K. 2016. Drivers of animal migration and implications in changing environments. Evolutionary
Ecology 30(6): 991-1007.
Simpfendorfer, C. A., Heupel, M. R., and Collins, A. 2008. Variation in the performance of acoustic
receivers and its implication for positioning algorithms in a riverine setting. Canadian Journal of
Fisheries and Aquatic Sciences 65: 482-492.
Simpfendorfer, C.A., Heupel, M.R., and Hueter, R. E. 2002. Estimation of short-term centers of activity
from an array of omnidirectional hydrophones and its use in studying animal movements.
Canadian Journal of Fisheries and Aquatic Sciences 59: 23-32.
Skaug, H., Fournier, D., Bolker, B., Magnusson, A. and Nielsen, A. (2016). _Generalized Linear Mixed
Models using 'AD Model Builder'_. R package version 0.8.5.
Skjæraasen, J. E., Nash, R. D. M., Korsbrekke, K., Fonn, M., Nilson, T., Kennedy, J., Nedreaas, K. H.,
Thorsen, A., Witthames, P. R., Geffen, A. J., Hoie, H., and Kjesbu, O. S. 2012. Frequent skipped
spawning in the world’s largest cod population. Proc. Natl. Acad. Sci. U.S.A. 109(23): 8995-8999.
Sleep, D. (2017). Florida seafood and aquaculture overview and statistics. Retrieved from
https://www.freshfromflorida.com/Divisions-Offices/Marketing-and-Development/Education
/For-Researchers/Florida-Seafood-and-Aquaculture-Overview-and-Statistics
Snipes, M., and Taylor, C.D. 2014. Model selection and Akaike Information Criteria: An example from
wine ratings and prices. Wine Economics and Policy 3(1): 3-9.
117

South Carolina Department of Natural Resources. (2015). South Carolina’s State Wildlife Action Plan
(SWAP) 2015. Columbia, SC: South Carolina Department of Natural Resources.
Spiegel, O. and O’Farrell, S. (2019). Spatial orientation and time: methods. In J. C. Choe (Ed.),
Encyclopedia of Animal Behavior (2nd ed., pp. 518-528).
Steckenreuter, A., Hoenner, X., Huveneers, C., Simpfendorfer, C. A., Buscot, M., Tattersall, K., Babcock,
R. C., Heupel, M. R., Meeken, M. G., van den Broek, J., McDowall, P., Peddemors, V., and
Harcourt, R. 2016. Optimising the design of large-scale acoustic telemetry curtains. Marine and
Freshwater Research 68(8): A-K.
Sylvester, J. R., Nash, C.E., and Emberson, C.R. 1975. Salinity and oxygen tolerances of eggs and larvae of
Hawaiian striped mullet, Mugil cephalus L. J. Fish. Biol. 7: 621-629.
Tacon, A. G. J. and Metian, M. 2009. Fishing for feed or fishing for food: increasing global competition
for small pelagic forage fish. Ambio 38: 294–302.
Taylor, B. M., McIlwain, J. L., and Kerr, A. 2012. Marine reserves and reproductive biomass: a case study
of a heavily targeted reef fish. PLoS ONE 7(6): e39599.
Taylor, E. B. 1991. A review of local adaptation in Salmonidac, with particular reference to Pacific and
Atlantic salmon. Aquaculture 98: 185-207.
The Pew Charitable Trusts. (2013). Forage fish FAQ. Washington, D.C: The Pew Charitable Trusts.
Thomson, J. M. 1955. The movements and migrations of mullet (Mugil cephalus L.) Australian Journal of
Marine and Freshwater Research 6(3): 328-347.
Thorpe, J. E. 1994. Salmonid flexibility: responses to environmental extremes. Transactions of the
American Fisheries Society 123: 606-612.
Thorstad, E. B., Rikardsen, A. H., Alp, A., and Okland, F. 2013. The use of electronic tags in fish research –
an overview of fish telemetry methods. Turkish Journal of Fisheries and Aquatic Sciences 13:
881-896.
Trotter, A. A., Blewett, D. A., Taylor, R. G., Stevens, P. W. 2012. Migrations of common snook from a tidal
river with implications for skipped spawning. Trans. Am. Fish. Soc. 141: 1016−1025
Tucker, A. (2008, October). On California’s coast, farewell to the king salmon. Retrieved from
https://www.smithsonianmag.com/science-nature/on-californias-coast-farewell-to-the-kingsalmon-11992359/.
University Corporation for Atmospheric Research. The highs and lows of air pressure. Retrieved from
https://scied.ucar.edu/shortcontent/highs-and-lows-air-pressure.

118

U.S. Fish and Wildlife Service. (1997). Significant Habitats and Habitat Complexes of the New York Bight
Watershed. Charlestown, Rhode Island: U.S. Fish and Wildlife Service.
VEMCO. (2019). V9 – 180 kHz Transmitters: Overview. Retrieved from https://vemco.com/products/v9180-khz/.
VIMS. (2018). Net Notes: December 2009-January 2010. Retrieved from
http://www.vims.edu/research/departments/fisheries/programs/juvenile_surveys/netnotes_lis
ting/0910_dec_jan.php.
Vivancos, A. and Closs, G.P. 2015. Quantification and comparison of individual space-use strategies in
foraging drift-feeding fish using fine-scale, multidimensional movement analysis. Canadian
Journal of Fisheries and Aquatic Sciences 72: 1-9.
Wagner, G.N. and Cooke, S.J. 2005. Methodological approaches and opinions of researchers involved in
the surgical implantation of telemetry transmitters in fish. Journal of Aquatic Animal Health 17:
160-169.
Wannamaker, C. and Rice, J. 2000. Effects of hypoxia on movements and behavior of selected estuarine
organisms from the southeastern United States. Journal of Experimental Marine Biology and
Ecology 249(2): 145-163.
Warden, R.L. and Lorio, W.J. 1975. Movement of largemouth bass (Micropterus salmoides) in
impounded waters as determined by underwater telemetry. Transactions of the American
Fisheries Society 104: 696-702.
Waymer, J. (2018, October). Red tide hits more species of fish. Retrieved from
https://www.floridatoday.com/story/news/local/environment/2018/10/25/red-tide-kills-morespecies-fish/1760417002/
Whitfield, A.K. 1994. An estuary-association classification for the fishes of southern Africa. S. Afr. J. Sci.
90: 411-417.
Whitfield, A.K., Panfili, J. and Durand J.D. 2012. A global review of the cosmopolitan flathead mullet
Mugil cephalus Linnaeus 1758 (Teleostei: Mugilidae) with emphasis on the biology, genetics,
ecology, and fisheries aspects of this apparent species complex. Rev. Fish. Biol. Fisheries 22: 641681.
Wilcove, D.S., and Wikelski, M. 2008. Going, going, gone: is animal migration disappearing? PLoS Biol
6(7): 1361-1364.
Willmes, M., Hobbs, J.A., Sturrock, A.M., Bess, Z., Lewis, L.S., Glessner, J. J. G., Johnson, R.C., Kurth, R.,
and Kindopp, J. 2018. Fishery collapse, recovery, and the cryptic decline of wild salom on a
major California river. Canadian Journal of Fisheries and Aquatic Sciences 75(11): 1836-1848.

119

Williams, J.G., Zabel, R.W., Waples, R.S., Hutchings, J.A. and Connor, W.P. 2008. Potential for
anthropogenic disturbances to influence evolutionary change in the life history of a threatened
salmonid. Evolutionary Applications 1(2): 271-285.
Winton, M.V., Kneebone, J., Zemeckis, D.R., and Fay, G. 2018. A spatial point process model to estimate
individual centres of activity from passive acoustic telemetry data. Methods in Ecology and
Evolution 9(11): 2262-2272.
Wooton, R. J., and Smith, C. (2015). Reproductive biology of teleost fishes. Oxford, U.K.: John Wiley &
Sons, Ltd.
Worton, B.J. 1989. Kernel methods for estimating the utilization distribution in home-range studies.
Ecology 70(1): 164-168.
Yelghi, S., Shirangi, S.A., Ghorbani, R., Khoshbavar, R. H. A. 2011. Annual cycle of ovarian development
and sex hormones of grey mullet (Mugil cephalus) in captivity. Iranian Journal of Fisheries
Sciences 11(3): 693-703.
Young, J. M., Yeiser, B. G., and Whittington, J. A. 2014. Spatiotemporal dynamics of spawning
aggregations of common snook on the east coast of Florida. Marine Ecology Progress Series 505:
227-240.
Zahangir, M.M., Haque, F., Mostakim, G.M., and Islam, M. S. 2015. Secondary stress responses of
zebrafish to different pH: evaluation in a seasonal manner. Aquaculture Reports 2: 91-96.

120

